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Abstract 
The continuous miniaturization of semiconductor devices requires highly 
controlled thin films deposited on 3D structures. Atomic layer deposition (ALD) has been 
shown to be a powerful technique in producing uniform, conformal films with great control 
over the thickness down to atomic level. Similar reactions are extended to molecular layer 
deposition (MLD) where organic fragments are retained in the film growth. ALD and MLD 
are combined to produce inorganic-organic hybrid materials with tunable composition and 
properties. 
ALD SiO2, which is traditionally difficult to grow due to lack of suitable precursors, 
was deposited using a new group of volatile aminosilanes, cyclic azasilanes (AZ) and O3 
as precursors under a wide range of temperatures. The AZs possess high vapor pressure 
and reactivity for ring opening reactions upon exposure to -OH groups. Subsequent 
oxidation with O3 afford silanol groups, which are amenable to further reaction with AZs. 
The growth rates obtained are 0.6-1.2 Å/cycle for various silanes under different ALD 
conditions. Cyclic azasilanes offered a novel group of chemicals for the preparation of 
ALD SiO2, enabled detailed study of the adsorption of silanes and surface oxidation 
mechanism, and lead to new surface fundtionalities. 
Using the functionalities AZs created after ring-opening reactions, hybrid 
inorganic-organic MLD films were grown based on this class of molecules, maleic 
anhydrides (MA), metal-organics, and water. In some processes, diffusion within the film 
was evidenced by large growth rates (~9 nm per cycle). However, use of TMA arrested 
this diffusion. During annealing, films exhibited densification while maintaining low 
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surface roughness. Porosity was evidenced by small dielectric constants. These chemistries 
offer a route to tunable thin films and have potential applications in diffusion barriers, low 
dielectric constant layers, and passivation layers. 
To understand the detailed growth behavior of precursor diffusion, quartz crystal 
microbalance (QCM) data have been acquired during half reactions at 100 °C, revealing 
the diffusion of precursors AZ and MA. Large mass gains were observed after 50 cycles, 
when the films were sufficiently thick for significant diffusion in and out of precursors. 
The diffusion behavior is highly dependent on the substrate temperature and purge time. 
This non-ideal MLD growth could be potentially useful when long deposition time is 
undesired. 
Besides the in-situ study of diffusion during MLD reactions, we also monitored the 
half cycles during ALD Al2O3 by conductance measurement across a silicon channel 
region. Interfaces between semiconductors and metal oxides are important, where 
electronic behavior plays an important role on overall device behavior. The resolution of 
negative fixed charge between silicon surface and metal oxide is demonstrated with the 
chemistries of ALD film growth. These measurements provide the possibility to engineer 
interfaces with controlled amounts of positive or negative charge.  
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1. Introduction 
1.1 Atomic Layer Deposition and Molecular Layer Deposition 
1.1.1 Fundamentals of Atomic Layer Deposition 
Atomic layer deposition (ALD) is based on self-limiting chemisorption reactions 
in which two or more vapor-phase precursors are sequentially exposed to a sample surface.1 
The surface-limiting reactions are the hallmark of ALD process, due to finite number of 
surface reactive sites. This leads to excellent step coverage and conformal deposition on 
high aspect ratio structures, with precise atomic level control of the composition and film 
thickness.2 
 A general ALD process consists of two or more sequential ‘half-reactions’, when 
one precursor is pulsed into the reactor, given designated amount of time to react with the 
surface to form a monolayer, and removed when the reactor is purged with inert gas. This 
is followed by ‘half-reactions’ with all the other precursors until one cycle is completed. 
The growth cycle is then repeated until the desired film thickness is achieved. The process 
temperature range under which ideal self-limiting ALD growth takes place is called ‘ALD 
window’.2 Deviations outside the ALD window can lead to non-ideal growth behaviors. At 
lower temperatures, the grow rates could increase due to condensation of precursors or 
decrease because of low reactivity during the ‘half-reactions’. At higher temperatures, the 
surface species could decompose leading to larger growth rate by adsorption of additional 
reactants, or desorb from the surface resulting in smaller ALD growth per cycle. 
A wide range of ALD materials has been grown, such as pure elements, oxides, 
nitrides, sulfides and compounds.3 Among them, ALD Al2O3 using trimethylaluminum 
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(TMA) and water as precursors is one of the most well studied ALD processes, because of 
its ease of growth at low temperatures4 and on various substrates5–8 and wide 
applications9,10. A schematic showing surface reactions during Al2O3 ALD is illustrated in 
Figure 1.1. The TMA pulse reacts with surface hydroxyls and produces methyl groups on 
the surface with the release of methane gas. Subsequent H2O molecules react with these -
CH3 and reproduce the -OH surface. 
 
Figure 1.1 Surface chemistry for Al2O3 ALD using TMA and H2O as precursors. 
 
 One of the main limits of the availability of ALD materials is the limited choice of 
precursors. To produce the surface-limiting reactions, there is a list of criterions on the 
ALD reactants. They should be chemically sufficiently stable at room temperature or under 
moderate heating and only react with surface species during thin film deposition. They 
should be volatile enough so that they can be delivered to surface in needed concentration. 
They should also display high chemical reactivity to enable fast and irreversible reactions. 
Additional requirements include by-products non-destructive to the surface, small size to 
minimize steric hindrance, and low cost. 
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1.1.2 Atomic Layer Deposition for Microelectronics Applications towards 3D 
Scaling 
With continuous scaling down towards sub-10 nm regime of semiconductor 
devices,11 the microelectronics industry has become one of the biggest adopters of ALD. 
Traditional evolutionary scaling and shrinking strategies in memory and chip fabrication 
have faced enormous challenges because of huge expenses for small patterning and related 
process complexities.12 In order to keep Moore’s Law on track, revolutionary approaches 
are needed in terms of new functional materials and new film process technology. The 
miniaturization calls for the design and fabrication of 3D structures, coated by thin films 
conformally in thickness, composition, and electrical and chemical properties with atomic 
scale uniformity.13 However, conventional deposition methods such as chemical vapor 
deposition (CVD) and various physical vapor deposition (PVD) techniques could not meet 
these requirements at nm scale.14 Currently, ALD is considered as one of the most 
promising thin film deposition techniques for enabling pin-hole free, conformal films on 
high aspect structures with precise thickness control down to 1 Å/cycle.2 
There are two major roles ALD layers can potentially play in microelectronic 
applications.12 The first is functional materials, such as ZrO2/Al2O3/ZrO2 stack layers for 
dynamic random-access memory (DRAM) capacitors to increase memory density,15 Cu 
metallization seed layer to improve the electrochemical Cu deposition (ECD),16 and TiN 
sealing layers on porous low-κ interconnect in the back end of the line process.17 The 
second area ALD films contribute to is the sacrificial layers enhancing process capabilities. 
A typical example is the double patterning process which critically improves the 
photolithographic capability without vast cost.12 
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Figure 1.2 Comparison of planar transistor and FinFET architectures.1 
 
One of the most widely studied applications is high κ dielectrics for the transistor 
gate stack. Intel first introduced an ALD high- κ HfO2 based oxide for their 45 nm node 
technology in 2007.18 With further device shrinking, Intel in 2012 applied to their 22 nm 
node the tri-gate transistors known as fin field effect transistor (FinFET).19 Traditional 
planar metal-oxide-semiconductor field-effect transistor (MOSFET) features gate control 
on two sides, leading to an inverted surface channel. This novel tri-gate design extends gate 
control to three sides of the fin, and is inverted from the surrounding gate oxide, thus 
increasing the overall inverted volume (Figure 1.2).1 By building the transistor vertically, 
it is possible to shrink dimensions and pack more components onto a chip. Moreover, 
increasing the height of the fin, higher current flow through the channel without taking up 
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more room can be achieved.20 ALD turns to be an excellent tool to deposit gate oxide 
materials on such a non-planar structure, while maintaining the great thickness and 
compositional uniformity and control.  
 
 
Figure 1.3 Process sequence of SADP using ALD SiO2 layer as the shallow trench 
isolation patterning.12 
 
Meanwhile, the innovation of integrated circuit (IC) fabrication has been achieved 
by scaling lithography capability to produce ever-smaller feature dimensions. Double 
patterning allows an increase in feature density by a factor of two by aligning a second 
pattern to the first one. To avoid the mask misalignment, self-aligned spacers are 
introduced, and this is called self-aligned double patterning (SADP).21 Precise control for 
the deposition of spacer is essential because the critical dimensions are defined by spacer 
formation. ALD SiO2 has been reported as a promising spacer material in SADP process 
for 3D flash memory device.22–24 A 20-nm half-pitch (hp) was achieved with very few 
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process steps shown in Figure 1.3.23 The final pitch is half of the first patterning pitch but 
the minimum feature size was determined to be the thickness of the deposited ALD SiO2 
layer. The adoption of a SiO2 film was remarkable, because of the low deposition 
temperature (<200 °C), high film-thickness controllability and good step coverage, and 
negligible effect on the finely patterned photoresist,22 mainly due to recent improvement 
in Si precursors12 (discussed in section 1.3).  
 
1.1.3 Molecular Layer Deposition 
The ALD process has recently been extended to molecular layer deposition (MLD) 
where organic fragments are retained in the film.25 ALD and MLD are combined to produce 
organic-inorganic hybrid materials, making a path to versatile films with precisely defined 
composition and tunable electronic, chemical, optical, and mechanical properties.26 
Although MLD films are usually referred as polymers, the films may be short oligomeric 
chains bound to the substrate surface.27  
A wide range of organic MLD films have been produced including polyamides, 
polyimides, polyurea, polythiourea, polyurethane, and polyester,28–30 with promising 
applications in a variety of areas, such as sensitizers for photovoltaic materials,31 copper 
diffusion barriers,32 and lithographic patterning.33 The organic precursors can also be 
mixed with ALD organometallic precursors to produce new hybrid organic-inorganic or 
alloy MLD films.26 This family of metal alkoxides is described as ‘metalcones’. Variant 
metalcones are possible, such as alucones, zincones, zircons, hafnicones, and 
magnesicones.26 For instance, alucone is one of the first hybrid systems obtained by 
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sequential exposure of trimethylaluminum (TMA) and ethylene glycol (EG).34 The EG 
molecule contains two hydroxyls and is very similar to H2O in the deposition of ALD Al2O3. 
The surface reactions for alucone growth is shown in Figure 1.4, with -CH2-CH2- molecular 
fragment incorporated in the film. 
 
Figure 1.4 Surface chemistry for MLD alucone using TMA and EG as precursors. 
 
The organic fragments are generally less dense, flexible and inexpensive, while the 
inorganic materials have a much higher density and offer desirable physical and chemical 
properties. By varying the relative fraction of organic and inorganic constituents, alloys 
can be produced by metalcone and their parent ALD metal oxide.26 For example, alucone 
alloy was a combination of ALD Al2O3 and MLD alucone with tunable density, refractive 
index, elastic modulus, and hardness,35 providing a facile and viable route to precise tuning 
of film properties. 
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1.2. Abnormal Growth Behaviors of MLD 
 1.2.1 Double Reactions during MLD 
Regardless of extensive research on the development and applications of MLD 
films, understanding of the growth mechanism is still limited. Self-saturating growth and 
linear deposition rate are usually demonstrated, however, limited understanding on the 
detailed growth behavior and microstructures was revealed.27 For example, the nucleation 
and growth processes of MLD films remain unclear. Although self-limiting reactions 
ideally only take place at reactive surface sites, there is evidence showing that the reaction 
can also occur in the bulk of the deposited film.34,36–38 
During the growth of alucone using TMA and EG, the in situ Fourier transform 
infrared (FTIR) measurement suggested that the EG may react twice with -AlCH3 species 
at high temperature.34 This double reactions of EG consumed the -OH species, and did not 
terminate the alucone film with reactive sites amendable for further reactions. However, 
the alucone film growth was not restricted, and still displayed linear growth under this 
condition. An alternative explanation is that the polymer film may absorb TMA into the 
near-surface region. The EG then reacts primarily with the absorbed TMA molecules to 
form the alucone polymer. This reaction would be similar to chemical CVD procedure with 
all precursors introduced simultaneously.14 The TMA would then diffuse again into the 
near-surface region of the film to repeat the sequential reaction process as shown in Figure 
1.5. Similar growth behavior of zincone film due to diethylzinc (DEZ) absorption was also 
observed.39  
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Figure 1.5 Alternative MLD alucone growth mechanism due to TMA diffusion.34 
 
1.2.2 Precursor Diffusion during MLD 
To mitigate the problem of double reactions caused by homo-bifunctional 
precursors, hetero-bifunctional precursors with two different chemical functional groups 
and cyclic precursors which only express reactive sites after ring-opening reactions are 
introduced. Alucone was deposited based on a three-step ABC reaction sequence using 
TMA, hetero-bifunctional precursor ethanolamine (EA), and cyclic precursor maleic 
anhydride (MA), as shown in Figure 1.6.40 Three-step reactions also increase the flexibility 
to involve various organic compositions.25 In this MLD growth, TMA first reacts with -OH 
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and produces AlCH3 species, which could react with the -OH group in subsequent EA and 
terminate the surface with -NH2 species in step B. In the final step C, MA reacts with -NH2 
and reforms hydroxyl groups on the surface.40 
 
Figure 1.6 Three-step MLD growth using trimethylaluminum (TMA), hetero-bifunctional 
precursor ethanolamine (EA), and cyclic precursor maleic anhydride (MA), where TMA 
was observed to diffuse into the film during growth.40  
 
This three-step MLD reactions avoided the double reactions by the application of 
hetero-functional and cyclic precursors, however, it did not result in an ideal linear MLD 
growth. Quartz crystal microbalance (QCM) study revealed three different growth regions, 
with a small constant growth rate during the initial 10 cycles followed a rapid increase of 
mass gain during the transition region II, and finally a very large mass gain per cycle in the 
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steady state region III after cycle 28 (Figure 1.7). This mass gain is far beyond the mass 
increase produced by MLD cycles solely based on surface reactions. It is suggested that 
the diffusion of TMA into the bulk of the MLD films played a critical role in the non-linear 
growth. The MLD film behaved as a reservoir for implied TMA, and the absorbed reactants 
can further react with subsequent precursors, leading to the rapid growth. The diffusion is 
highly dependent on reactor temperature and purge time.38 
 
 
Figure 1.7 QCM mass gain during TMA-EA-MA MLD film growth at 90 °C38 
 
1.3 Cyclic Azasilanes as ALD/MLD Precursors 
1.3.1 Conventional Vapor-phased Si Precursors 
Si-based thin films such as SiO2 and silicon nitride are widely used in 
semiconductor industry.41 The current dominate deposition method, plasma enhanced 
chemical vapor deposition (PECVD), however, does not always meet step coverage and 
thickness precision requirements.42 With the transition to 3D transistor and interconnect 
technologies at the sub-10 nm level, the low temperature and conformality requirements 
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have necessitated the move to ALD Si-based materials.43 The precursor selection is 
essential for the ALD process, which follows the criterions of thermal stability, vapor 
pressure and reactivity.44  
The ALD Si precursors can be cataloged into three general types: (I) chlorine-
containing precursors, (II) carbon-containing precursors, and (III) chlorine-free and 
carbon-free precursors.43 Type I precursor include SiCl4, SiH2Cl2, Si2Cl6 et. al, and are 
typically easy to synthesize, inexpensive, and have a good thermal stability.43 However, 
high deposition temperature and catalysts are usually required with the formation of 
corrosive by-product.45,46 Examples for type II precursors include alkoxysilanes, 
aminosilanes and alkoxyaminosilanes, with good stability. Alkoxysilanes react with a -OH 
surface through hydrolysis releasing alcohols, and the reaction is catalyzed by amines or 
by acids conducted at a pH between 3.5 and 5.47 Aminosilanes bond to -OH surfaces and 
lease N-based byproducts. Type II precursors have shown promising deposition of ALD 
SiO2 and SiNx recently.48,49 However, these precursors contain carbon atoms, which could 
increases carbon residue in the film.43 The complex structures also lead to large molecules 
with relatively low vapor pressure. The application of chlorine-free and carbon-free 
precursors type III such as SiH4 and (SiH3)4Si is considered a promising solution to lower 
the impurity level. However, with the combination of N2, H2, NH3 or CO2 plasma during 
the process, type III precursor might result in films with compromised conformality.42,43 
Selecting suitable precursors for different deposition is critical, and the film conformality 
and composition need to be carefully evaluated. 
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1.3.2 Cyclic Azasilanes 
The group of cyclic azasilanes contains ring strain and unstable Si-N bonding that 
result in high reactivity for ring opening, exhibits high vapor pressure, and has a weak 
tendency to self-polymerize.50 Cyclic azasilanes react rapidly at room temperature with 
hydroxyl groups on a wide range of substrates (Figure 1.8).47,51 It was demonstrated that 
the reactions of cyclic azasilanes on porous Si nanostructures were faster (0.5−2 h at 25 °C) 
and more efficient than hydrolytic condensation of trialkoxysilanes on similar hydroxy-
terminated surfaces.52 The reactivity is driven by the relief of bond-angle strain and steric 
repulsions between atoms, and a thermodynamic driving force for the formation of a Si–O 
over a Si–N bond.50 Importantly, the ring opening reaction depicted also shows that the Si-
OMe groups associated with traditional alkoxysilanes remain unreacted and thereby are 
available for further reactions. Byproducts such as alcohols and chloride are not released 
during the ring-opening, surface functionalization step. 
 
Figure 1.8 Ring opening reactions between cyclic azasilanes with methyl or methoxy 
substituents on silicon and hydroxyl groups 
 
Four cyclic azasilanes used in our study are presented in Figure 1.9. S1, S2, and S3 
consist of five-membered rings. In S4, the silicon atom is covalently bonded to one nitrogen 
and coordinatively to the other. Therefore, a distorted cyclooctane structure containing two 
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five-membered rings is formed.50 S1 and S2 have methyl substituents on Si, while S3 and 
S4 have methoxy substituents.  
 
Figure 1.9 Chemical structures and abbreviated notation of the azasilane precursors. S1: 
N-methyl-aza-2,2,4-trimethylsilacyclopentane (C7H17NSi); S2:N-(2-aminoethyl)-2,2,4-
trimethyl-1-aza-2-silacyclopentane (C8H20N2Si); S3: N-allyl-zaz-2,2-
dimethoxysilacyclopentane (C8H17NO2Si); S4: 2,2-dimethoxy-1,6-diaza-2-
silacyclooctane (C7H18N2O2Si). 
 
 
Figure 1.10 QCM mass gain of 5 pulses of S1 (0.15 s) with a purge of 10 s between each 
pulse on a hydroxyl surface at 150 °C. 
 
These cyclic azasilanes can be used with O3 for ALD SiO2 growth. Fiture 1.10 
shows the quick surface saturation upon vapor-phase S1 pulses (0.15 s) on a hydroxyl 
surface at 150 °C. The mass gain was 22 ng/cm2 after the first silane pulse, which increased 
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to 25 after the third one, equivalent to a surface areal density of ~1 molecule/nm2 for S1.  
The purge time was 10 s between each silane pulse, and further pulses added negligible 
mass gains. After this ring opening reaction, amines and other functional groups on the 
side chains enable secondary reactions, and could provide a promising platform for surface 
functionalization and MLD. Recent report demonstrated subsequent tandem coupling 
reactions with epoxy and acrylate molecules after the ring opening of S1.53 
 
Figure 1.11 Surface chemistry involving cyclic azasilane and EC as reactants25 
 
Initial MLD growth steps were observed using a cyclic azasilane and ethylene 
carbonate (EC), though continuous growth and the overall growth rate were not reported.25 
Displayed in Figure 1.11, the cyclic azasilane reacted with hydroxyl surfaces through a 
ring opening reaction, leaving amine species that are not expected to react with surface 
hydroxyl groups. This ring opening produces a primary amine and avoids double reactions, 
which decrease the number of reactive sites introduced by homo-functional precursors. EC 
then reacts with an amine to form a urethane linkage. These reports highlight the 
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importance of chemical selectivity in hetero-bifunctional precursors and the potential value 
in the cyclic azasilane class of precursors.  
 
1.4 Statement of Purpose 
ALD and MLD techniques have displayed promising applications in a variety of 
areas. However, the number and type of materials produced by ALD and MLD are limited 
due to the difficulty in finding suitable precursors. A large portion of this dissertation 
focuses on the investigation of a class of cyclic azasilanes as precursor in ALD and MLD 
growth, and how the precursors have an effect on the growth behavior and mechanism and 
the properties of the films 
Chapter 3 features the development of methods to grow ALD SiO2 using various 
cyclic azasilanes and how the growth varies between different precursor structures. The 
cyclic azasilanes can also add desired functionalities to the films, making them perfect 
MLD precursors. The exploration of new chemistries and post-deposition processing of 
organic-inorganic MLD films is presented in Chapter 4. An abnormal yet interesting and 
potentially useful growth behavior is studied in Chapter 5. Overall, these chapters will 
expand the precursor family of ALD and MLD chemistries leading to new applications, 
and provide a platform to study the relation between precursors, growth behavior and film 
properties. 
Chapter 6 stands on its own. Rather than exploiting new processes, chapter 6 is 
focused on the most well studied ALD material, Al2O3, but with a new point of view, to 
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trace the widely observed fixed charge on the Si surface introduced by Al2O3 back to its 
deposition chemistries. This study again relates the properties of films to their growth. 
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2. Experimental Procedure 
2.1. ALD Reactors  
ALD and MLD films were deposited using two ALD systems. One is a Cambridge 
NanoTech Savannah S100 ALD system (Figure 2.1).54 The other is a home-built system 
dedicated to MLD growth, named ‘Stacey’. Detailed introduction of the hardware and 
calibration of Stacey will be provided because the author built this machine. 
 
Figure 2.1 Cambridge Nanotech Savannah S100 ALD system.54 
 
2.1.1 Components of MLD Stacey 
The Stacey is a viscous flow reactor constructed from stainless steel components 
shown in Figure 2.2. The reactor chamber has a 2.5 inches diameter and 2 feet length. Two 
cone reducers were welded to the inlet end of the chamber to reduce the diameter from 2.5 
to 0.75 inches to smooth the inlet gas flow. A manifold with 5-precursor capacity was 
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customized by Swagelok®. Each precursor cylinder consists two valves, an ALD valve 
and a manual valve. The ALD valves (Swagelok, 316 VIM-VAR) inject precursors 
precisely by pneumatic actuation of solenoid valves (MAC valve, 34B_L00_GDFA_1KE). 
The flow rate is controlled by a Brooks 5850E mass flow controller and the pressure is 
measured using a MKS Baratron® 631B high temperature pressure transducer. An 
isolation valve (Genesis GNVSAI-102-NWB) between the reactor outlet and the pumping 
line is used to control the time of precursor exposure, when the substrate is ‘soaked’ in the 
precursor vapor. The exhaust mechanical pump is a Pascal RVP UM2021 C2 rotary pump 
with non-flammable fumbling oil (Inland geminYe® PFPE), which is purged by N2 gas 
during deposition at a flow rate ~200 L/h. 
 
Figure 2.2 Schematics of home-built MLD Stacey. The components are colored 
corresponding to different heating zones. 
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Due-Tape® heating tapes surrounding the precursor cylinders, manifold, reactor 
chamber and the stop valve are used to achieve the desired temperatures. 8 medium-watt-
density heating tapes are controlled by a multi-loop temperature controller (Love, SCD-8) 
with built-in relays in channel 1-4 and pulsed voltage and solid state relays (Omega 
SSRL240DC10) in channel 5-8. The system is constantly heated to 120 °C when not in use. 
The heating tapes and reactors were wrapped by high-temperature vermiculite-coated 
fiberglass fabric for insulation. 
 
Figure 2.3 Picture of MLD Stacey wrapped with fiberglass and connected with QCM. 
 
A Labview program was customized to control Stacey via a National Instrument 
USB-6341 multifunction device. A FTDI converter (S485-RS422) was used for the 
temperature controller. The system is operated under a continuous flow of 20 sccm N2 
carrier gas (99.9999%, Praxair). This N2 gas flow yielded a base pressure of ~120 mTorr 
under constant pumping.  
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A quartz crystal microbalance (QCM, Inficon welded ALD Sensors) was installed 
onto the reactor door with a 24 cm welded sensor length, controlled by a STM-2 monitor. 
The polished crystals were coated with Au and have an oscillation frequency of 6 MHz. 
The QCM sensor was purged with N2 gas (99.9999%) to prevent deposition onto the 
backside of the crystals and the inside of the sensor, which increased the pressure in the 
reactor by approximately 50 mTorr. Between the MLD growths, the crystals were covered 
with ~50 cycles of ALD Al2O3 using trimethylaluminum (TMA) and H2O as precursors to 
ensure a reproducible surface and to monitor the performance of the crystals.37,38 
 
2.1.2 Calibration of MLD Stacey 
 ALD Al2O3 using TMA and H2O were used to calibrate the MLD Stacey under a 
variety of conditions. The deposition conditions are noted as (Temperature, flow rate, TMA 
pulse, TMA purge, H2O pulse, H2O purge). Al2O3 film of 100 cycles was deposited unless 
otherwise specified, and the film thickness was measured by SE to determine the growth 
per cycle (GPC). 
2.1.2.1 Effect of Flow Rate 
 Flow rate of N2 carrier gas was varied under different temperatures and purge time, 
and did not show a significant effect on the GPC of Al2O3 films (Figure 2.4). The GPC at 
150 °C is slightly higher than that of 100 °C due to higher reactivity. A flow rate at 20 sccm 
is considered sufficient for good Al2O3 deposition. 
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Figure 2.4 GPC of Al2O3 vs. the flow rate. The pulse time for TMA and H2O is both 0.1 s, 
and temperature is 150 °C for red lines and 100 °C for blue line. Purge is 10 s for square 
lines, and 5 s for circle line. 
 
2.1.2.2 Effect of TMA Pulse 
 
Figure 2.5 TMA pulse saturation curve with the deposition condition (100 °C, 50 sccm, X, 
10 s, 0.1 s, 10 s).  
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 TMA reacts quickly and saturates the surface after pulses of 0.02 s at 100 °C. The 
saturation curve is shown in Figure 2.5. 
 
2.1.2.3 Linear Growth 
 A perfect linear growth behavior is shown in Figure 2.6 of Al2O3 deposited at 
100 °C with a flow rate of 50 sccm and a purge of 10 s for each precursor. The GPC is 1.1 
Å/cycle. 
 
Figure 2.6 Linear growth of Al2O3 under condition (100 °C, 50 sccm, 0.1 s, 10 s, 0.1 s, 10 
s) 
 
2.1.2.4 Effect of Purge Time 
 Purge time should be sufficiently long to ensure the formation of monolayers. 
Shown in Figure 2.7, a purge of 10 s for each precursor meets this requirement. 
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Figure 2.7 GPC vs. purge time for each precursor under condition (100 °C, 50 sccm, 0.1 s, 
X, 0.1 s, X) 
 
2.1.2.5 Pressure Increase Test 
 A simple pressure increase test was conducted on the Stacey for leakage check. The 
flow rate was set to 100 sccm after the carrier gas was isolated to allow for the removal of 
N2 gas from the system. Then the stop valve was closed, and the pressure increase rate was 
monitored to check the sealing level of the reactor. The pressure increase was 60 
mTorr/min, comparable to 50 mTorr/min of the commercial Cambridge S100 system.  
 
2.1.2.6 QCM Data for Al2O3 
 ALD Al2O3 grows on hydroxyls at a constant deposition rate. However, there is an 
incubation period on some other substrates,2 as observed for 50 cycles of Al2O3 grown on 
a new crystal (Figure 2.8). The initial deposition was slower before it reaches a constant 
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GPC. Another set of 50 cycles deposition was conducted after ~ 30 min, and displayed 
linear growth behavior. The average growth rate was 34 ng/cm2/cycle, in agreement with 
other reports.4 
 
 
Figure 2.8 QCM mass gain for two sets of 50 cycles Al2O3 deposition. The first set was 
grown on a new crystal followed by the second one deposited after ~30 min. 
 
2.2 Fourier Transform Infrared (FTIR)  
Fourier transform infrared (FTIR) absorption measurements were performed in 
transmission mode (~ 60° incident angle) with a PerkinElmer Spectrum 100 equipped with 
a deuterated triglycine sulphate detector and a N2 gas purge. A customized sample holder 
is shown in Figure 2.9. The substrate used for FTIR experiments was a float-zone, double 
side polished Si(100) coupon (Virginia Semiconductor). Double side polished test-grade 
Si from UniversityWafer was also used. The substrate size must be at least 1 cm × 7 cm to 
cover the entire slot in the sample holder. The substrate was treated in standard RCA 1 and 
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RCA 2 for cleaning purpose. Because the thickness of films is only tens of nanometers, the 
exact same substrate was used before and after the ALD/MLD deposition for background 
subtraction. 
 
Figure 2.9 Customized FTIR sample holder in transmission mode 
 
For each FTIR measurement, the optical system was purged with N2 (99.998%) for 
20 min followed by another purge of the sample compartment for 30 min. Spectra were 
taken from 450 to 4000 cm-1, averaged over 200 scans using a resolution of 4 cm-1. Both 
spectra before and after deposition were record as ‘Single Scan’ in the Spectrum software. 
The films have to be at least 30 nm, ideally thicker than 60 nm for best result. The film 
spectrum was obtained by using the ‘Difference’ function in the Spectrum software. Noises 
from H2O and CO2 showed up in some cases due to the difference in atmosphere even at 
least 30 min of N2 purge was applied before collecting every spectrum. 
2.3 X-ray Reflectivity (XRR)  
X-ray reflectivity (XRR) measurements utilized a PANalytical Empyrean 
diffractometer with a Cu X-ray tube (45 mA/40 kV) at wavelength of 1.541 Å. The 
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configuration included a Brag-Brentano HD mirror, soller slit, 1/8° divergence slit, and a 
1/16° anti-scatter slit on the incident beam path, and a soller slit, parallel plate collimator, 
0.1 mm receiving slit, and 0D detector on the diffracted beam path. All scans were 
performed with a 0.005° step size from -1 to 6°. Film thickness, density, and surface 
roughness were fit using X’Pert Reflectivity software. 
XRR is a powerful tool in thin film characterization. Detailed information including 
density, thickness, surface and interface roughness, and density contrast between film and 
the substrate provided by an XRR profile is summarized in Figure 2.10.55 
 
 
Figure 2.10 Information provided by XRR profile.55 
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Figure 2.11 XRR curves for ~10 nm of ALD Al2O3 on sapphire (blue) and Si (red) substrate. 
 
 
Figure 2.12 XRR curves for ~ 50 nm of ALD Al2O3 (red) and AlHfxOy (Hf doped Al2O3, 
red) 
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 Two examples are displayed in Figure 2.11 and Figure 2.12. ALD Al2O3 was 
deposited on sapphire and Si substrate in the same batch. The density of ALD Al2O3, 
sapphire and Si is 2.7, 3.98 and 2.33 g/cm3, respectively. As a result, the larger density 
difference between ALD Al2O3 and sapphire is reflected in the more pronounced fringes 
(blue) than those of the Al2O3 on Si substrate (red) in Figure 2.11. The critical angle 
represents the bulk density of the film. Shown in Figure 2.12, the AlHfxOy (Hf doped Al2O3) 
has a larger critical angle, and hence a larger density than the pure ALD Al2O3. 
  
2.4 Ozone Generator and Analyzer 
 
Figure 2.13 O3 concentration and output at different O2 flow rates measured by the O3 
analyzer before (1) and after (2) the O3 reservoir. 
 
Ozone was produced by an ozone generator (5G Lab Benchtop, A2Z Ozone Inc). 
O2 gas (99.993%) was used as the feed gas. A stainless steel reservoir at volume of ~ 1L 
was installed after the generator and before the ALD reactor. All tubing and check valves 
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are made of ozone-resistant Teflon, and an ozone destructor was used to consume with 
unreacted O3.  
To calculate the O3 concentration, a UV-HCR ozone analyzer was connected before 
(labeled as 1 in Figure 2.13) and after (labeled as 2 in Figure 2.13) the reservoir for 
quantification. By varying the inlet O2 flow rate, the O3 concentration by weight can be 
measured and the corresponding O3 output can be calculated. Displayed in Figure 2.13, the 
lowest O2 flow rate leads to the maximum O3 concentration at ~ 3.3 wt%. Higher O2 flow 
rate resulted in much lower O3 concentration, due to the limit of the O3 production capacity 
of the generator. No significant difference was observed before and after the reservoir, 
showing negligible O3 decomposition in the system. 
 
 
Figure 2.14 O3 output concentration vs. the front knob level at different O2 input flow 
rates 
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A knob at the front panel of the ozone generator is supposed to vary the O3 output 
capacity. However, it did not show much control over the O3 concentration, as the O3 
concentration plotted in Figure 2.14 is independent on the knob level at various O2 input 
flow rates.  
 
2.5 Spectroscopic Ellipsometry (SE)  
Spectroscopic ellipsometry (SE) measurement reveals the thickness and refractive 
index of films with fast measurement and easy data fitting. SE was conducted utilizing a J. 
A. Woollam VASE ellipsometer with an incident angle of 60° and 70° and wavelengths 
between 350 and 800 nm with 25 nm increments. The data were fit using the Cauchy 
equation n(λ)=A+B/λ2+C/λ4, where n is the refractive index, λ is the wavelength, A, B, and 
C are coefficients that can be determined for a material by fitting the equation to measured 
refractive indices at known wavelengths. A native oxide of 1.7 nm was assumed on top of 
Si substrate. 
2.6 Capacitance-Voltage (C-V) Measurement 
Capacitance-voltage (C-V, 100 kHz) measurements utilized an HP4194A 
impedance analyzer. Aluminum metal pads were thermally evaporated on the films and an 
indium-gallium eutectic was scratched into the backside of the Si substrate for an ohmic 
contact. The dielectric constant was extracted using 𝐶 = ఑ఌ೚஺
௧
, where C is the capacitance 
of the film, κ is the dielectric constant, εo is the permittivity of free space, A is area of the 
metal top contact, and t is the film thickness.  
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2.7 X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) was conducted on Thermo Scientific K-
Alpha System (Al K-alpha, beam diameter: 400 μm, pass energy: 50 eV, step size: 0.1 eV, 
dwell time: 50 ms).  SiO2 films were grown to ~50 nm for XPS measurements. Elemental 
concentrations were calculated using the C 1s, N 1s, O 1s, and Si 2p photoelectron peak 
areas and the relative sensitivity factors. 
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3. Cyclic Azasilanes as Volatile and Reactive Precursors for 
Atomic Layer Deposition of SiO2 
3.1 Overview of Si precursors for ALD SiO2 
SiO2 is the most widely used dielectric material in the semiconductor industry. The 
importance of SiO2 is evidenced by its use as a gate insulator in metal oxide semiconductor 
field effect transistors,56 passivation layers,57 and diffusion barriers.58 The continuous 
scaling toward miniaturization and non-planar device architectures requires ultrathin, 
uniform, and conformal SiO2 films, which are difficult to produce by traditional fabrication 
techniques such as CVD or thermal oxidation. ALD SiO2, with conformal deposition on 
high aspect ratio structures at atomic level control of thickness, can expand the range of 
applications of SiO2. ALD SiO2 has been used as spacers in double patterning processes 
for dynamic random access memory (DRAM) technology12 as discussed in Section 1.1.2. 
The film can also be useful for engineering the interface between Si and high-k materials,59 
or as protective or insulator coating.49 
However, ALD SiO2 growth often requires catalysts, high temperatures, and/or 
large precursor exposures.60,61 Early attempts at SiO2 deposition used inorganic precursors 
such as SiCl4 with NH3 or pyridine as catalysts to reduce the deposition temperature.45,46 
Recently, aminosilanes and alkyl-aminosilanes were demonstrated as promising precursors 
for low temperature SiO2 growth that was free of external catalysts or corrosive byproducts. 
A self-catalytic growth of ALD SiO2 was reported using 3-aminopropyltriethoxysilane 
(APTES), water, and ozone as precursors, with the amino ligand catalyzing the hydrolysis 
of the ethoxy groups.48 A wide array of aminosilanes have been developed that vary in 
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carbon chain length and the number of amine or hydride groups.62,63 The Si-O bonds are 
formed through the reaction between the aminosilanes and surface hydroxyl groups when 
volatile amines are released.64 Ozone,65 O2 plasma,66 and H2O267 usually serve as oxidants. 
Among these precursors, the degree of amine substitution on the Si atom was reported to 
influence the deposition rates and impurity levels in the films.68 For example, the di-sec-
butylaminosilane (DSBAS) resulted in a high growth per cycle (GPC) due to its higher 
surface packing density after amine elimination.69 These findings highlight the importance 
of the composition and arrangement of the precursor’s organic groups in an ALD SiO2 
process.41  
Here, we employed four cyclic azasilanes with different ring structures and side 
groups (–Me, –NH2, –C=C, –OMe) on Si and N atoms as precursors for the growth of ALD 
SiO2. Oxidation with O3 led to the formation of surface functional groups for continued 
SiO2 growth. These cyclic azasilanes comprise a novel group of precursors for the 
preparation of ALD SiO2 and enable detailed study of the adsorption of silanes and surface 
oxidation mechanisms, and may be useful for the design of other ALD/MLD precursors. 
 
3.2 ALD Conditions for SiO2 Growth 
The SiO2 films were deposited on p-type Si (100) using thermal ALD system 
(Ultratech/Cambridge Nanotech S100). The system was operated under a continuous flow 
of 10 sccm nitrogen carrier gas (99.9999%, Praxair) and the base pressure in the chamber 
was in the range of 110-160 mTorr. The cyclic azasilanes were donated by Gelest, Inc., 
and include S1: N-methyl-aza-2,2,4-trimethylsilacyclopentane (C7H17NSi); S2: N-(2-
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aminoethyl)-2,2,4-trimethyl-1-aza-2-silacyclopentane (C8H20N2Si); S3: N-allyl-zaz-2,2-
dimethoxysilacyclopentane (C8H17NO2Si); and S4: 2,2-dimethoxy-1,6-diaza-2-
silacyclooctane (C7H18N2O2Si). All silanes were handled under inert atmosphere. The 
cyclic azasilanes are volatile and S1 and S3 were successfully deposited without heating. 
In this study, S1 through S4 were heated to 45, 55, 55, and 90 oC, respectively, to provide 
a consistent vapor pressure for deposition. The ALD conditions were defined by (Tsub, tS 
pulse, tS expo, tS purge, tO pulse, tO expo, tO purge),38 where Tsub is the reactor and substrate temperature, 
tS pulse is the silane pulse time, tS expo is the silane exposure time when the valve to the pump 
is closed and the substrate is ‘soaked’ in the precursor gas, tS purge is the purge time after 
silane exposure, tO pulse is the O3 pulse time, tO expo is the O3 exposure time, and tO purge is the 
purge time after O3 exposure. 190 oC was chosen as the standard Tsub, at which most of the 
ALD parameters were studied, and the purge times after both precursors at this temperature 
were 15 s. 
 
3.3 Growth Saturation Curves 
Four ALD parameters were independently varied to characterize the growth process 
including: the silane pulse time, silane exposure time, O3 pulse time, and O3 exposure time 
(Figure 3.1). Each point represents a single growth run, and film thicknesses were 
measured using SE to calculate the GPC. In the corresponding experiments, one process 
parameter in the ALD recipe was varied (represented by X in the notation) whereas the 
duration of the other steps (except O3 exposure time) was assumed to be sufficiently long 
to assure saturated conditions for the fixed process parameters. The substrate temperature 
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was set to 190 oC, which yielded saturated growth rates of approximately 1.0, 1.0, 1.1, and 
1.2 Å/cycle for S1, S2, S3 and S4, respectively. 
Short silane dosing times (~0.2 s) were sufficient for all silanes to reach self-
limiting growth (Figure 1a). This is in agreement with the high vapor pressure and high 
reactivity of the cyclic azasilanes. The SiO2 growth process using APTES, for comparison, 
requires longer times (>1 s) in a similar thermal ALD reactor.48 The minimum duration of 
the exposure times for silanes to achieve saturated growth was 5-10 s. It was reported that 
the reactions between these silanes in solution and surface hydroxyls completed in less than 
one minute at room temperature.47 The shorter reaction time in ALD compared with that 
in solution may be due to higher temperature in the ALD reactor. S4 exhibits the highest 
reactivity and yields a GPC of 0.96 Å/cycle, which is close to its saturated GPC (1.2 
Å/cycle) even without the exposure process. 
 
Figure 3.1 Saturation curves for the GPC of SiO2 as a function of the four process 
parameters in the ALD recipe: (a) silane pulse, (b) silane exposure, (c) O3 pulse, and (d) 
O3 exposure.  
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Regarding the O3 oxidation process, an O3 pulse time >0.1 s was found to be 
sufficient to reach a saturated GPC. However, the minimum exposure time of O3 required 
for a saturated GPC is much longer than the exposure times for all silane precursors, 
indicating a relatively slow oxidation process, which is in agreement with previous 
reports.70 The slight increase in the GPC after O3 exposure time >80 s is evidence of 
continuous changing of surfaces during O3 exposure. O3 exposure time was critical to the 
growth behavior of MLD-carbosiloxane films where Si-methyl groups also were oxidized. 
Specifically, short O3 exposure times (<10 s) lead to more carbon rich films.71 The studies 
of reactions between APTES, H2O and O3, and between trimethylaluminum (TMA) and 
O3 suggest some possible surface terminations besides the –OH groups. Si-H, monodentate 
formates (Si-OCHO) and carbonates (Si-OCOOH) are likely to form during the O3 
exposure.72,73 These terminal groups have been shown to comprise a small fraction of the 
total surface groups74 and are hypothesized to be produced by the reaction between 
byproducts (e.g., CO) and surface hydroxyl groups.75 These surface functionalities are 
possibly not as reactive as hydroxyls towards subsequent azasilane ring-opening reactions. 
Therefore, the slow ‘combustion-like’ reaction upon exposure to O3 and possible variation 
of surface terminal groups upon prolonged O3 exposure may be responsible for the 
sensitivity of the GPC to O3 exposure time.72  
 
3.4 Effect of Reactor Temperature 
The effect of the substrate temperature on the GPC of SiO2 in the range of 100 and 
300 oC shows a dependence on azasilane structure (Figure 3.2). The length of the purge 
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steps in the lower temperature regime was extended up to 60 s to eliminate the possibility 
of a CVD-like processes due to insufficient precursor removal. The maximum GPC was 
observed at 220 oC for all silanes, indicating some temperature effect on the O3 reaction 
with chemisorbed silanes, since silane areal densities did not vary significantly with 
temperature (data not shown). Above 220 oC, the slight decrease in the GPC is likely an 
indication of the formation of denser films at higher substrate temperatures.49 S3 shows 
relatively constant GPC at all temperatures, while S1 has a significantly lower GPC at 
lower temperature. This observation can be justified in that the oxidation of –OMe groups 
associated with S3 takes place at a broad temperature range, and that of –Me groups in S1 
is sluggish at lower temperatures.  
 
 
Figure 3.2 Temperature dependence (Tsub) of the growth rate of SiO2 for each azasilane. 
ALD conditions: (Tsub, tS pulse, tS expo, tS purge, tO pulse, tO expo, tO purge) 
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The GPC of S1 and S2 significantly increase when the temperature was increased from 150 
to 200 oC, indicating again that the rate of oxidation of –Me is dependent on the temperature. 
The GPC of S2 and S4 was found to be much higher at temperatures below 150 oC. We 
hypothesize that some ligand/organic components are not removed at these temperatures 
due to involatility or incomplete reaction, leading to increased GPC and MLD-like growth.  
We consider the growth MLD-like because significant organic fragments are retained, 
although they are structurally not well-defined in this case. This hypothesis is consistent 
with the large carbon concentration in films grown at lower temperatures (vide infra). 
 
3.5 Refractive Index Studies 
A Cauchy model was used to fit the refractive indices of ~50 nm films grown at 
190 oC (Figure 3.3). SiO2-data from the literature76 displays similar, but slightly larger, 
values. The refractive index was fairly constant across the precursors explored here 
(n=1.454, 1.456, 1.455 and 1.447 at 630 nm for SiO2 deposited by S1, S2, S3, and S4, 
respectively). No significant differences exist between ALD-SiO2 by S1, S2 and S3. SiO2 
deposited by S4, in contrast, shows lower refractive index, and may indicate that SiO2 by 
S4 has slightly smaller density.77  
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Figure 3.3 Refractive indices of SiO2 (~50 nm, ALD conditions: (190, 0.2, 10, 15, 0.1, 30, 
15)) derived from each of the azasilanes used and SiO2 (Palik) from literature76  
 
3.6 XPS Studies 
XPS provides the chemical composition of SiO2 films (Table 3.1). Because of the 
high GPC at low temperature for S2, films deposited using S2 at 100 oC both at the inlet 
and outlet of the reactor, together with SiO2 by all silanes at 190 oC are reported. The carbon 
content of the films deposited at 190 oC is 3-5 at. % without the correction for adventitious 
carbon, indicating that there is a small amount of carbonaceous species in the films. 0.2-
0.4 at. % of N was measured in samples at 190 oC. Although these values are near the 
detection limit of 0.3 at. %, clear N peaks were observed in all samples, and not in thermal 
oxide control samples. It is reported that the C and N impurities are below 0.3 at % in the 
XPS depth profile for SiO2 films deposited by APTES.12 Rutherford backscattering 
spectroscopy was also used to identify the impurity levels with a detection limit of ~ 5 
at. %. The C and N content were below this limit in the film grown by H2Si[N(C2H5)2]2 
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and O2 plasma.31 In comparison to films grown at 190 oC, significantly larger amounts of 
C (48-52 at. %) and N (9 at. %) were detected in films by S2 at 100 oC, suggesting 
incomplete oxidation and removal of the organic ligands at lower temperature. This MLD-
like growth explains the high growth rate at temperatures < 150 oC for S2, and possibly for 
S4 (Figure 2). Both of these molecules contain two N atoms, and one of them converts to 
a primary amine after the ring-opening reaction, while there is only one N in the structure 
of S1 and S3.  We hypothesize that these additional functional groups contribute to higher 
GPCs at lower temperature for S2 and S4, although the detailed mechanism requires further 
study. We also observed differences between films grown near the reactor inlet and outlet 
at lower temperatures, which were negligible at higher temperatures. The inlet-outlet 
dependence could arise from the exposure mode during the O3 oxidation step, where the 
O3 and gas phase by-products (H2O, CO2, CO, NOx) are concentrated toward the outlet 
under the continuous flow of N2 carrier gas to the reactor chamber. This indicates that the 
O3 oxidation reaction can be complex, depending on temperature, time, by-products, and 
atmosphere. 
An estimation of the stoichiometry from XP spectra shows O/Si ratios about 1.9 at 
190 oC, and much lower values of 1.6-1.7 at 100 oC. We measured residual carbon in the 
films, and hence not every Si atom is necessarily bonded to four O atoms. This may explain 
the slight O deficiency in films at 190 oC, and the even larger non-stoichiometries for films 
deposited at low temperature.  
The O 1s loss spectra was used to calculate the band gap of SiO2 by the linear 
extrapolation method.78 From the loss peak, the band gap of SiO2 was found to be 8.5 eV 
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for S1, S2, and S3, and 8.7 eV for S4, in good agreement with previous reports.79 The 
consistent deviation in optical constant, chemical composition, and band gap of SiO2 
deposited with S4 compared to the other silanes indicates significantly different film 
chemistry. 
 
Table 3.1 Composition (Si, O, C, N) and band gap of ~50 nm SiO2 films determined by 
XPS. ALD conditions: (190/100, 0.2, 10, 15, 0.1, 30, 15). N/A indicates value not measured. 
Precursor Tsub (oC) 
Si 2p 
[at. %] 
O 1s 
[at. %] 
C 1s 
[at. %] 
N 1s 
[at. %] 
O/Si 
ratio 
Band 
gap (eV) 
S1 190 33.7 62.5 3.6 0.2 1.85 8.5 
S2 190 33.6 62.8 3.3 0.3 1.87 8.5 
S3 190 32.8 63.3 3.7 0.2 1.93 8.5 
S4 190 32.1 62.3 5.2 0.4 1.94 8.7 
S2-inlet 100 15.8 26.6 48.5 9.1 1.68 N/A 
S2-outlet 100 15.0 23.7 52.0 9.3 1.58 N/A 
 
3.7 Surface Areal Density 
The areal density of the azasilanes after the first chemisorption at 190 oC on a pre-
deposited ALD Al2O3 (trimethylaluminum and H2O as precursors) surface was quantified 
by QCM. The silane pulses were 0.5 s. The silane exposure mode was not used during the 
QCM measurements, because the continued exposure would cause deposition beyond the 
exposed crystal area, which would lead to inaccuracy in the mass quantification. The areal 
density of the first chemisorption was measured to be ~1.2 molecule/nm2 for all silanes. 
No significant difference was observed between silanes with different vapor pressure, 
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indicating they all reached saturation, and went through similar ring-opening process with 
similar steric hindrance. 
We related the areal density of vapor-phase deposited silanes (left axis) to the 
overall GPC4 (right axis) by assuming a density of 1.95 g/cm58,77,79 for the ALD SiO2 films 
(Figure 3.4). The calculated areal density values are in good agreement with the non-
saturated GPC with no exposure mode for S1, S2, and S3. S4 exhibits a significant 
deviation between the GPC and areal density by QCM, which is under further investigation, 
but could be explained by increased impurity (C, N) incorporation leading to a higher 
effective GPC.   
The overall growth rate of SiO2 depends also on the effectiveness of the oxidation 
step at recreating a reactive surface (e.g., –OH). In this case, S3 and S4 with methoxy 
groups attached to the Si possibly undergo a self-catalytic hydrolysis process under the 
catalysis by amine groups,12 leading to the formation of –OH. H2O is a necessary precursor 
in this reaction, and is likely provided by the combustion reaction with O3. Conversely, S1 
and S2 both contain Si-Me groups, which are less reactive than Si-O-Me.  As a result, S3 
and S4 have higher GPC values than S1 and S2, due to their methoxy groups and more 
rapid reproduction of Si–OH groups on the surface after reacting with O3. Interestingly, 
using H2O along with the azasilanes and O3 had no effect on the growth rates of all silane 
precursors (data not shown), in contrast to the process of SiO2 growth by APTES.48  
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Figure 3.4 Areal density of silanes after the first chemisorption (Tsub=190 oC, tS Pulse = 0.5 
s) quantified by QCM, and the non-saturated (no exposure-mode silane deposition) and 
saturated GPC of SiO2 films. The areal density (left) and GPC (right) axes are 
quantitatively related4 assuming a density of SiO2 of 1.95 g/cm58,77 
 
3.8 Proposed Mechanism 
The proposed surface reactions during one ALD cycle are presented in Figure 3.5. 
Cyclic azasilanes with –Me or –OMe substituents attached to Si react with hydroxyl groups 
on the surface (a) through a ring-opening reaction, resulting in Si-O bond formation (b). In 
the subsequent cycle, O3 combusts the ligands, producing byproducts such as CO, CO2, 
H2O and NOx, and possibly form –OH, –H, –CHO (formates), and –OCOOH (carbonates) 
on the surface (c). Among them, the –OH groups serve as reactive sites for further silane 
ring opening, thus completing the ALD cycle. Silanes with –OMe groups show faster 
oxidation rate with O3 as indicated by the shorter O3 exposure times necessary for saturated 
GPCs. This observation can be explained by the ‘self-catalyzed’ hydrolysis reaction 
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between methoxy ligands and O3/H2O released by combustion under the catalysis of amine 
groups. Conversely, azasilanes with –Me are only removed through a combustion process. 
Therefore, with similar surface areal density after the first chemisorption between silanes, 
S3 and S4 with Si–OMe demonstrate slightly higher GPCs than S1 and S2 with Si–Me 
groups. 
 
Figure 3.5 Proposed surface reactions during ALD of SiO2 from cyclic azasilanes with 
methyl or methoxy substituents on silicon and O3 
 
Based on these results, the optimal growth conditions for SiO2 using these 
precursors appear to be growth temperatures of 190 oC or above, coupled with large O3 
exposures.  Lower temperatures produce films with more carbon due to incomplete 
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oxidation. In the lower temperature limit of 100 oC, films retain a large fraction of carbon 
and may not be suitable for applications where SiO2 is desired.   
 
3.9 Conclusions 
ALD SiO2 growth was demonstrated by a series of volatile cyclic azasilanes and 
O3. 0.2 s of silane pulse time is sufficient for saturating growth, indicating high vapor 
pressure and chemical reactivity of these silanes. The chemisorption of silanes resulted in 
similar surface areal density, however, the differences in saturated GPCs between 
precursors showed that silanes with –OMe substituents possess higher reaction rate with 
O3 than those with –Me groups. The long O3 exposure time required (>30 s) and the high 
impurity level in films deposited at low temperature indicated that the O3 oxidation step is 
time- and temperature-dependent. This class of precursors thus represents a promising 
chemical platform for SiO2 growth, in which the physical properties may be tunable by 
careful selection of precursor molecular structure.  
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4. Hybrid Organic-Inorganic MLD Films Using Cyclic 
Azasilanes  
4.1 Overview of Si-based Organic-Inorganic MLD Films 
ALD and MLD techniques can be used to create films with precisely defined 
composition and tunable properties that can be conformally deposited on high aspect ratio 
substrates.26,29 While several chemistries for MLD exist, new chemistries may allow for 
more well-controlled growth and are desirable for the production of films with new 
structures, compositions, and potentially tunable electronic, chemical, optical, and 
mechanical properties.27   
Among the organic-inorganic hybrid MLD materials reported to date, most have 
focused on metal alkoxide films, such as alucone.80 However, development of Si-based 
hybrid materials may facilitate a further expansion of elements incorporated into MLD 
materials.  Such developments may lead to applications in low dielectric constant (low-κ) 
materials, where organic constituents with a lower κ are introduced into a SiOx matrix.81,82 
In fact, the precise control of film thickness, low film density, and high porosity 
characteristics37,83 make MLD an excellent technique for making this class of materials 
compared to conventional methods such as Langmuir-Blodgett,84 spin-on,85 and plasma-
enhanced chemical vapor deposition (PECVD),86 which cannot control the order of 
molecular compounds and generally do not exhibit highly conformal deposition on 
structured surfaces.30  
However, the growth and investigation of Si-based hybrid MLD films is still in its 
infancy, in part due to a lack of suitable precursors. In related growth of ALD SiO2, a wide 
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variety of molecular structures have been assessed including chlorosilanes, alkoxysilanes, 
aminosilanes, and alkoxyaminosilanes.41,48,87 Subsequent oxidants such as O3, H2O, and 
plasma remove the organic moieties and afford silanol groups. However, suitable 
secondary reactions to build hybrid networks from the chemisorbed silanes are not well 
established.   
Controlled O3 oxidation of organic groups on silane species has been reported as a 
path to Si-based MLD materials. Films were grown from the vapor phase by sequential 
reactions of 7-octenyltrichlorosilane (7-OTS), O3, and a metal precursor.88 In this case the 
terminal vinyl groups were converted to carboxylic groups with ozone treatment. Various 
metal precursors (Al, Ti, Zr, Zn) were then grafted to the chain, forming hybrid 
materials.29,89,90 However, the ozonolysis could result in various surface terminations and 
is highly dependent on ozone concentration, time, and temperature.91 Zhou and Bent 
deposited stable carbosiloxane films using 1,2-bis[(dimethylamino)-dimethylsily]ethane 
and O3 precursors.71 The growth rate was 0.2 Å/cycle at 110 °C, suggesting the cleavage 
of a significant fraction of the Si-C moieties by O3 reaction and thus the formation of O-
rich and SiO2-like structures. 
Other hetero-functional Si-precursors have been studied, where different functional 
groups preferentially react with the surface species and subsequent reactants. For example, 
dimethylmethoxychlorosilane (DMMCS) was applied to grow polydimethylsiloxane when 
reacted with H2O.21 However, the growth per cycle became negligible after approximately 
15 cycles due to competing desorption of cyclic siloxane from the surface. To overcome 
this, a four-step MLD reaction sequence was employed for the growth of Al-Si hybrid film 
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using TMA/H2O/ (DMMCS)/H2O with a growth rate of 0.9 Å/cycle at 200 oC.92 The 
insertion of –Al-O subunits prevented the desorption of cyclic siloxanes. Initial growth 
steps were demonstrated in two-step cycles using a cyclic azasilane and ethylene carbonate, 
though continuous growth and the overall growth rate were not reported.25  
We have reported the deposition of ALD SiO2 using four different cyclic azasilanes 
that exhibit high vapor pressure and high reactivity for ring opening when reacted with -
OH groups.93 The amines and other functional groups enable secondary reactions, and 
serve as linkages of inorganic surfaces to organic moieties. In this study, we report two 
MLD reaction sequences that differ by the presence or absence of TMA (ABCD and ABC, 
respectively). Both chemistries use S2, N-(2-aminoethyl)-2,2,4- trimethyl-1-aza-2-
silacyclopentane (AZ) as the cyclic azasilane precursor. The ABCD system consists of AZ, 
maleic anhydride (MA), trimethylaluminum (TMA), and H2O. The proposed surface 
reactions are: 
(A) OH* + C8H20N2Si (AZ) → OSi(CH3)2CH2CH(CH3)CH2NHCH2CH2NH2*  (1) 
(B) NH2* + C4H2O3 (MA) → NH-C(O)CH=CHCOOH*     (2) 
(C) COOH* + Al(CH3)3 (TMA)→ COO-Al(CH3)2* + CH4     (3) 
(D) Al(CH3)2* + 2H2O → Al(OH)2* + 2CH4      (4) 
The asterisks indicate the surface species. In this ABCD reaction sequence, AZ 
reacts with the hydroxyl groups on the surface to produce NH2* surface functionalities as 
shown in eq 1. MA then reacts with the amine surface functionality in a ring-opening 
reaction to generate the carboxylic acid groups on the surface, as illustrated in eq 2. TMA 
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reacts with the surface carboxylic acid groups to produce AlCH3* surface functionalities.  
H2O then reacts with AlCH3* to reproduce the hydroxyl groups on the surface. 
The ABC sequence utilizes an AZ/MA/H2O process and the proposed chemistry is 
discussed below. These two MLD sequences using similar precursors lead to different 
growth behaviors, allowing the study of the growth mechanisms and control of film 
properties.  
 
4.2 Growth of MLD Films 
The MLD films were deposited on prime grade n-type Si (Virginia Semiconductor) 
unless otherwise specified using a thermal ALD system (Ultratech/Cambridge Nanotech 
S100). Si substrates were rinsed with 18.2 MΩ H2O before deposition for the growth rate 
studies. For other measurements, including capacitance-voltage, FTIR, and XPS, the 
substrates were pretreated by standard RCA-1 and RCA-2 cleaning followed by 1% HF 
dip for 1 minute. The cyclic azasilane, AZ: N-(2-aminoethyl)-2,2,4- trimethyl-1-aza-2-
silacyclopentane (C8H20N2Si) was acquired from Gelest, Inc., and heated to 55 °C.  Maleic 
anhydride (99%) was obtained from Sigma-Aldrich and heated to 80 °C. TMA (99.999%) 
was obtained from Strem Chemicals Inc and delivered to our facility in a stainless steel 
precursor cylinder that was directly connected to our ALD system. All precursors except 
TMA and water were transferred into stainless steel cylinders in a N2-filled glovebag. The 
deposition conditions are listed in Table 4.1. Most depositions were carried out at a sample 
temperature of 100 °C unless otherwise specified. An exposure mode was used for AZ and 
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MA during which the valve to the pump was closed and the substrate was ‘soaked’ in the 
precursor vapor. All samples were stored in a dry air desiccator. 
Table 4.1 MLD conditions used for ABCD and ABC deposition 
Precursor Pulse (s) Exposure (s) Purge (s) 
Silane (AZ) 0.15 30 60 
Maleic anhydride (MA) 0.15 30 60 
Trimethylaluminum (TMA) 0.025 0 60 
H2O 0.1 0 (ABCD)/ 30 (ABC) 60 
 
4.3 Linear Vs. Non-linear Growth Behavior 
The thicknesses of both ABCD and ABC films deposited at 100 °C are plotted as a 
function of the number of MLD cycles in Figure 4.1(a). The ABCD film thickness 
increased linearly with respect to the number of cycles, suggesting typical self-limiting 
surface reactions. The growth rate per cycle (GPC) for ABCD films was not a function of 
the number of deposition cycles (3.5 Å/cycle, Figure 4.1(b)), and was similar to the GPC 
of alucone (4.0 Å/cycle at 85 °C) deposited using TMA and ethylene glycol.34,80 In contrast, 
For the ABC films, a relatively low GPC of 10 Å/cycle was observed up to 10 cycles, and 
the GPC increased rapidly during the first 50 cycles. The GPC stabilized at an average 
value of 90 Å/cycle after 50 cycles.  
Several phenomena can produce non-linear growth behavior that is observed here 
in the ABC chemistry. A preliminary nucleation period of 10-50 cycles was reported in 
multiple ALD and MLD systems,94,95 during which reactants do not effectively nucleate 
on the substrate and instead form clusters before a continuous film is formed and linear 
54 
 
growth occurs.6 However, this nucleation period is not likely to happen in the ABC 
reactions considering it does not occur in the ABCD system, and the GPC in the early 
stages of the ABC growth is too high to indicate a nucleation effect. Further, our previous 
work has shown the this azasilane reacts rapidly with OH surfaces.93 Atomic force 
microscopy (AFM) images also did not show features that would indicate islanding caused 
by nucleation delay. A catalytic mechanism has previously resulted in high GPC values, in 
which rapid SiO2 ALD films were grown using tris(tert-pentoxy)silanol (TPS) and TMA 
with growth rates exceeding 12 nm/cycle.96 It was suggested that TMA, as a Lewis acid 
catalyst, can catalyze the silanol half-reaction and accelerate the propagation and growth 
of SiO2.97 Al-catalyzed ring opening of the silane, however, is eliminated in our system 
because of the absence of TMA in the ABC reactions. Finally, under low MLD 
temperatures with short purge times, CVD-like reactions can result in large GPCs due to 
the presence of two reactants in the vapor phase or the diffusion of precursors into the 
film.36 TMA diffusion was observed in a three-step sequence using TMA, ethanolamine 
and MA at 90 °C. The mass gain per cycle was initially low and then reached a large 
constant steady state value (3980 ng/cm2/cycle). The diffusion behavior and GPC displayed 
a strong dependence on the TMA dose and purge time.38 Similar precursor diffusion 
behavior was reported during MLD growth using TMA and glycidol. Interestingly, by 
adding a water pulse step after the TMA, a smaller growth rate was produced and was 
attributed to the blocking of TMA subsurface diffusion.37  
We hypothesize that the growth acceleration in the ABC sequence is due to 
precursor diffusion into the film. The GPC remains small during the first 10 cycles because 
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of a limited volume into which precursors can diffuse. A rapid increase in the GPC between 
cycles 10 to 50 indicates that a larger film volume is available as a reservoir, facilitating 
the subsurface transportation, trapping, and absorption of precursors. The excess precursor 
in the films can serve as nucleation centers and react with following reactants, allowing 
GPC values to increase until the apparent diffusion depth reaches a steady state after cycle 
50. To test this hypothesis, longer purge times were examined (900 s after each precursor 
exposure) in which the growth rate decreased to 5 Å/cycle. This observation indicates that 
given sufficient time, adsorbed precursors are able to diffuse out of the film and produce 
smaller GPC values, even at high cycle numbers. An alternative explanation is that 
precursors are given sufficient time to be deactivated by so-called “double reactions”. 
 
Figure 4.1 (a) Thickness and (b) GPC of ABCD (left axis) and ABC (right axis) films 
deposited at 100 °C as a function of MLD cycles. The film thickness was measured by SE.  
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The linear growth and small GPC for the ABCD reaction is consistent with the 
diffusion mechanism assumed in the ABC chemistry. Similar to the blocking effect by 
TMA-water reaction in TMA/glycidol growth,37 the extra TMA exposure step together 
with the water pulse in ABCD process introduces -Al(OH)2* surface species, which could 
cross-link the surface, minimize the porosity of the films, and hence block the diffusion 
and subsurface reactions of other precursors. We do note that our TMA exposures are short, 
which may also prevent significant diffusion of the TMA precursor.  However, when TMA 
is used in the ABCD chemistry, the diffusion of other precursors appears to be prevented.  
 
4.4 Effect of Temperature 
Decreases in GPC values with increasing sample temperature are commonly 
observed in MLD growth and are also observed in both the ABCD and ABC chemistries 
here (Figure 4.2). This trend is commonly attributed to enhanced precursor desorption at 
higher temperatures. The GPC of ABCD films deposited at 150 °C is 1.8 Å/cycle, about 
half of that at 100 °C. The GPC of ABC films grown at 150 °C decreased to 1.7 Å/cycle, 
which is only 2% of that at 100 °C, but comparable with that of ABCD films at at 150 °C. 
These phenomena are consistent with the precursor diffusion and incorporation at lower 
temperatures in ABC systems, while the higher temperature of 150 °C enhances diffusion 
out of the film, reduces the residence times of precursors in the film, and hence restricts 
the CVD-like reactions. It was shown previously that the residence time of TMA in the 
MLD films was significantly reduced above 130 °C in the TMA/EA/MA deposition.38  
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Figure 4.2 Temperature dependence of the growth rate of MLD films. ABCD films were 
grown for 30 cycles and ABC for 50 cycles. 
 
4.5 FTIR Studies 
FTIR spectroscopy was used to compare the chemical composition of ABCD and 
ABC films prepared at 100 °C (Figure 4.3). The O-H stretching vibrations (3750-3050 cm-
1) are known to have a wide absorbance range on metal oxides,40 and are only observed in 
the ABCD films. The -OH residuals indicate that AZ is only able to react with part of the 
surface hydroxyls, in agreement with our previous surface areal density study of cyclic 
azasilanes.93 In contrast, the absence of O-H vibrations in ABC films suggests complete 
consumption of hydroxyls by MA and/or AZ. N-H stretches at 3160-3420 cm-1 and C-H 
stretches at 2800-3000 cm-1 are similar in both films. However, the absorbance feature at 
3072 cm-1 in the ABC film is attributed to R1=CH-R2 stretches introduced by MA, 
indicating excess MA incorporation in the ABC film. The MA absorption is further 
evidenced by the sharp peak at 1717 cm-1 in the ABC film, assigned to the characteristic 
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carboxylic acid peak (C=O antisymmetric stretch). Instead, peaks at 1609 and 1454 cm-1 
in ABCD films are evidence of an Al-carboxylic acid complex.40 These data suggest that 
many of the carboxylic acid functionalities produced by the ring-opening of MA remain in 
the ABC films, but they react with TMA in ABCD process. The excess MA-based species 
are consistent with the diffusion and trapping behavior of precursors in ABC films. The 
double peaks at 1631 and 1586 cm-1 in ABC films correspond with amide vibrations.  
 
Figure 4.3 FTIR spectraof (a) ABCD (~ 30 nm) and (b) ABC films (~ 60 nm) deposited at 
100 °C. Intensity is normalized based on film thickness. 
 
The other noticeable peaks observed at 1400-1100 cm-1 are assigned to multiple CH2, CH3 
vibrations.40 At low frequencies, absorbances are also observed at 1055, 845, and 806 cm-
1, corresponding with C-O/Si-O, Al-O/Si-O, and Si-C vibrations, respectively.  While 
significant differences in the FTIR signatures of the two films exist, the index of refraction 
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values at 633 nm derived from spectroscopic ellipsometry were similar at 1.58 and 1.54 for 
the ABCD and ABC films respectively.  
 
4.6 Proposed Growth Mechanism 
Based on the GPC and FTIR results, precursors likely diffuse and incorporate into 
the ABC films, leading to large growth rates. Figure 4.4 proposes the general reaction 
sequence for ABCD and ABC MLD film growth. The ABCD sequence consists of (A) a 
ring-opening reaction of AZ on surface -OH species, (B) a ring-opening reaction of MA 
on the amine-terminated surface, (C) TMA reaction with the carboxylic groups, and (D) 
H2O reaction with the -CH3 group(s) to recreate the -OH surface (Figure 4.4(a)). This 
chemistry exhibits excellent linear growth behavior as a result of primarily surface 
reactions. In context of prior studies, George et al. observed significant TMA diffusion into 
the TMA/EA/MA films, and conversely negligible level of MA diffusion.31 This is 
consistent with our observation in ABCD films that MA displays self-limiting behavior 
when TMA and H2O are used in the film growth chemistry. 
The ABC sequence displays a rapid increase in growth rate until it reaches a steady 
state without the exposure of the TMA precursor. We attribute this behavior to the 
subsurface diffusion of precursors. We previously quantified the areal density of vapor-
phase deposited AZ on ALD Al2O3 surface to be 1.1 molecules/nm2,93 which is much lower 
than that of TMA (4 molecules/nm2).4 This indicates that the multi-functional molecule 
TMA is likely able to produce a more cross-linked surface, and ‘quench’ the subsurface 
transport of MA species. As a result, the removal of the TMA step in the ABC system is 
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critical in creating open pathways for the adsorption and reaction of MA in the film. As 
proposed in Figure 4.4(b), the film growth begins with the ring-opening of MA (B1). An 
AZ (A) can react with -COOH through amidation,98 liberating water, which may open the 
Si-N five-membered ring. H2O (C) then opens the Si-N ring, yielding an -OH surface. Note 
that H2O is able to adsorb on most surfaces at 100 oC,99 and that because the ABC sequence 
contains AZ/MA/H2O, there is a possibility that remnant H2O reacts with the AZ ring. The 
modification of the ABC sequence to AZ/H2O/MA and AZ/H2O/MA/H2O resulted in the 
same GPC value and trend as the AZ/MA/H2O process. We also observed a similar non-
linear growth (with lower GPC) using the sequence of AZ/MA, providing evidence for the 
existence of H2O molecules released from the amidation reaction. In this study, the ABC 
sequence is described as AZ/MA/H2O to retain consistency with the ABCD process. In the 
B2 step, we assume the MA exposure not only consumes the surface -OH groups, but also 
diffuses MA into the film bulk, which may further react with the secondary amines100 in 
the chain and facilitate subsequent amidation with AZ diffused into the film leading to film 
expansion and large GPC values. The surface terminated –COOH groups then react with 
the primary amines during subsequent AZ exposures.  
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Figure 4.4 Proposed growth sequence for (a) ABCD and (b) ABC films 
 
Two other cyclic azasilanes were used to replace the AZ in the ABC sequence and 
to provide further mechanistic insight: S1 (N-methyl-aza-2,2,4-trimethylsilacyclopentane) 
and S4 (2,2-dimethoxy-1,6-diaza-2-silacyclooctane) (Figure 4.5). Neither molecule 
contains a pendant primary amine functionality prior to ring opening, and neither MLD 
sequence led to film growth in the ABC sequence (GPC < 0.2 Å/cycle). This indicates that 
the -COOH produced by MA is not able to open the ring of cyclic azasilanes (Figure 4.5(a)), 
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and that the amidation, which resulted in the film growth in ABC sequence does not occur 
between -COOH and secondary amine functionalities in unopened cyclic azasilanes 
(Figure 4.5(b)) under these conditions.  That is, surface bound –COOH groups require a 
primary amine on the incoming precursor for reaction and continued growth. 
 
Figure 4.5 ABC chemistries using (a) S1 and (b) S4 as cyclic azasilane precursors. No 
growth occurred in the ABC sequence with these two silanes. 
 
4.7 Thermal Processing of ABC and ABCD Films 
The effect of thermal annealing on the MLD film density was explored using XRR. 
Both ABCD and ABC films were annealed at 200, 300, and 400 °C in air for 1 h.  The 
pronounced interference fringes in Figure 4.6 over many orders of magnitude of intensity  
are evidence of smooth films even after thermal treatment. The XRR and AFM data (AFM 
data not shown) both suggest a surface roughness of 0.2-0.5 nm for both the as-prepared 
and annealed films. Decreases in the period of the interference fringes are an indication of 
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a decrease in film thickness during annealing. In this case, more progressive shrinkage 
occurs in the ABC films than in the ABCD films. 
 
Figure 4.6 XRR data for (a) ABCD and (b) ABC films deposited at 100 °C and annealed 
at various temperatures in air for 1 h.  
  
Both films decrease in thickness upon annealing as evidenced by XRR and SEdata, 
with the loss of 60% and 90% of the original thickness after 400 °C thermal treatment for 
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ABCD and ABC films, respectively (Figure 4.7(a)). Most organic components are 
expected to be removed after annealing up to 400 oC.101 The more drastic thickness 
reduction in ABC films can be attributed to its greater fraction of organic components in 
these films. 
The electron density was also extracted from XRR data (Figure 4.7(b)). The mass 
density, ρm, can be related to the electron density, Ne, by ρm = (NeA)/(NAZ), where A is the 
average molar mass, Z is the average atomic number of the film, and NA is Avogadro’s 
number.36 The mass density of the as-prepared ABCD film is calculated to be 1.53 g/cm3 
assuming a composition of AlSiC11O3N2H23 based on the reaction stoichiometry, and 0.86 
g/cm3 assuming SiC17O8N2H24 for ABC film. The as-deposited ABC film is less dense than 
its ABCD counterpart. The annealing process significantly increases the density of ABCD 
films, consistent with the thickness decrease and the densification of MLD film.37  
Interestingly, the electron density of ABCD films remained roughly constant despite the 
film shrinkage, suggesting possible porosity in the films and re-structuring during 
annealing. The mass densities are estimated to be 2.21 and 0.98 g/cm3 after annealing at 
400 °C by assuming the film composition of AlSiO3.5 and SiO2 for ABCD and ABC, 
respectively. 
Porosity of the resulting oxides is estimated by comparing the film density to their 
bulk counterparts.  Provided the density of ALD SiO2 is ~ 2 g/cm3 and quartz at 2.65, the 
ABC film after 400 °C annealing had a porosity between 50% and 63%. A maximum limit 
porosity around 62% volume was observed for porous low-κ films due to the molecular 
unit and coordination of films.102 The values from our ABC films are somewhat larger than 
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literature reports of the porosity of pyrolysed alucone films (500 °C) that were stated to 
have a porosity between 27% and 45%.36 
 
Figure 4.7 (a) Thickness obtained from XRR and SE and (b) electron density extracted 
from XRR scans of films after thermal annealing.  
 
The dielectric constant (κ) was extracted from C-V measurements at 100 kHz 
(Figure 4.8). Annealing produces an increase in κ for ABCD films that roughly follows the 
increase in density. At 400 °C, the composition of ABCD film is expected to be AlSiOx. 
Annealed ALD Al2O3 is known to have a dielectric constant from 6 to 9,103 much higher 
than that of annealed ALD SiO2 at 3.6.104 The dielectric constants below 3 of the annealed 
ABC films are comparable with the porous low-κ SiCOH materials.82  The dielectric 
constant values of the annealed ABC films also follow the trend in density measured by 
XRR.  The Si-based hybrid ABC films with low κ values have potential application as low- 
κ cap layer to reduce resistive-capacitive delay.102  
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Figure 4.8 Dielectric constant of films after thermal annealing. The error bar is determined 
between 9 individual MOS capacitors. 
 
4.8 Conclusions 
Hybrid organic-inorganic MLD films were created using a cyclic azasilane AZ, MA, 
TMA, and H2O in an ABCD, and AZ, MA and H2O in an ABC reaction sequence. The 
cyclic azasilanes possess high vapor pressure and reactivity for ring opening reactions upon 
exposure to -OH groups. They also prevent “double reactions” that may limit the number 
of surface sites and lower the growth rate.  
The ABCD film growth rate is constantly 3.5 Å/cycle. While ABC film growth 
does not initially follow a steady-state rate, but increase rapidly during the initial 20 cycles, 
and reaches approximately 90 Å/cycle after 50 cycles, suggesting diffusion behavior of 
precursors and subsurface species transport and reaction during MLD procedure. This 
behavior is highly temperature dependent, and higher temperature (150 °C) limits the 
diffusion by reducing the precursors’ residence times in the films. FTIR analysis reveals 
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the lack of -OH and extra incorporation of -COOH functionalities in the ABC films 
compared with its ABC counterpart, in agreement with the subsurface reactions without 
the presence of TMA which is able to produce more cross-linked structures.  
Thermal treatments in air decrease the thickness of both films. The density and κ 
of ABCD films increased during annealing. In contrast, the ABC film exhibits a low 
density <1 g/cm3, and likely a high porosity between 50% and 63% after thermal treatment 
at 400 °C. The κ also remains below 3 for as-deposited and annealed ABC films. 
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5. Precursor Diffusion during MLD using Cyclic Azasilanes  
5.1 Overview of Precursor Diffusion in MLD Growth 
Self-saturating reactions through surface reaction sites are desired in an ideal 
ALD/MLD process, however, non-linear deposition behaviors have been reported due to 
ineffective nucleation period,94 precursor decomposition,105 parasitic reactions,106,107 
catalytic reactions,96 and precursor condensation.108 Additionally, diffusion of precursors 
into the bulk of the films and resultant subsurface reactions could also responsible to the 
non-ideal MLD growths. For example, a mass gain larger than expected was observed 
during the trimethylaluminum (TMA) pulses in a three step MLD cycle including TMA, 
ethanolamine (EA) and maleic anhydride (MA) as reactants. This mass gain is strongly 
dependent on the substrate temperature, TMA dose, and purge times, and is attributed to 
the effects of TMA diffusion into the MLD films.38 Similar TMA diffusion effect was 
demonstrated during aluminum alkoxide (alucone) growth using TMA and ethylene glycol 
(EG). It was argued that the diffusion behavior enables the film growth at high temperature 
which could otherwise be terminated by the ‘double reaction’ due to the bifunctionality of 
EG when no surface reactive sites are available.34 The MLD growth using TMA and 
glycidol (GYL) also displayed evidence of TMA diffusion into the films.36,109  An extra 
water pulse resulted in a smaller growth rate, likely due to the blocking of the TMA 
diffusion pathway.109 Other than TMA, diethylzinc (DEZ) was also reported to diffuse into 
the zinc alkoxide MLD films with DEZ and ethylene glycol (EG), compensating for the 
‘double reaction’ of EG by creating more nucleation sites.39,110 
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We recently demonstrated a three-step ABC MLD sequence of N-(2-aminoethyl)- 
2,2,4-trimethyl-1-aza-2-silacyclopentane (AZ), maleic anhydride (MA), and H2O to grow 
hybrid inorganic-organic films. The growth rate at 100 °C increased to 90 Å/cycle after 50 
cycles, which is much larger than for conventional MLD/ALD chemistries that involve 
exclusively surface reactions.111 Precursor diffusion into the MLD film is hypothesized as 
a key factor in the large growth rate. Interestingly, the ABCD chemistry (AZ-MA-TMA-
H2O) by adding TMA steps to this ABC sequence significantly decreases the GPC and 
temperature dependent growth as discussed in the TMA-GYL growth,109 and is 
hypothesized to form crosslinking that inhibits the diffusion of precursors.111   
Aside from the observation of the non-linear growth behavior and the hypothesis 
of precursor diffusion into the bulk, little understanding of the detailed growth and 
diffusion mechanism has been revealed for this MLD phenomenon. First, it is shown that 
the growth undergoes an initial small rate in the first tens of cycles before a rapid increase 
and reaching a final steady state with a large growth rate. It is proposed that a larger film 
volume serves as a reservoir into which precursor(s) can diffuse, however, it is still unclear 
what the criterions are to initiate the rapid growth. Second, TMA, DEZ and GYL are so far 
the only three molecules observed by in-situ quartz crystal microbalance (QCM) to diffuse 
into the film bulk, however, there are no direct relationships between the properties of 
diffusants (e.g., size, polarity) and that of the film matrix (e.g., porosity, composition). 
Third, although mass gain monitored by QCM suggested larger deposition rate,36–38 it is 
not understood that how these absorbed excess precursors contributes to film growth.27 
Furthermore, in contrast to the non-ideal ‘incubation’ films formed before a linear growth 
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occurs, which usually contain islands and clusters,6 MLD films based on precursor 
diffusion are exceptionally smooth.36,38 Last but not least, the diffusion coefficient in and 
out details remain unclear. Answering those critical questions regarding the diffusion of 
precursors in MLD may lead to an enhanced level of control of film growth. 
Here, the diffusion behavior in the previously reported AZ-MA-H2O ABC 
system111 was characterized by QCM analysis over a wide range of purge times, 
temperatures and precursor sequences. Comparison between this study and other MLD 
chemistries involving significant precursor diffusion provides general requirements on the 
conditions to enable diffusion behaviors.   
 
5.2 MLD Growth Conditions 
The MLD films were deposited in a homemade viscous flow vacuum reactor named 
Stacey. The conditions were defined by (Tsub, tAZ pulse tAZ expo tAZ purge, tMA pulse tMA expo tMA purge, 
tH2O pulse tH2O expo tH2O purge),38 where Tsub is the reactor and substrate temperature, tAZ pulse, tMA 
pulse and tH2O pulse are the pulse times of AZ, MA and H2O, respectively; tAZ expo, tMA expo and 
tH2O expo are the exposure time of AZ, MA and H2O, respectively when the isolation valve 
to the pump is closed and the substrate is ‘soaked’ in the precursor gas; tAZ purge, tMA purge, 
and tH2O purge are the purge time after the exposure of AZ, MA and H2O. Table 5.1 
summarizes the precursors and conditions. 
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Table 5.1 Precursors used for ABC MLD deposition. 
Precursor Abbreviation Structure MLD Conditions 
N-(2-aminoethyl)-2,2,4-trime 
thyl-1-aza-2-silacyclopentane A: AZ  
pulse, exposure, purge 
Maleic anhydride B: MA  pulse, exposure, purge 
Water C: H2O  pulse, exposure, purge 
 
5.3 Three-region Growth Behavior 
 The QCM mass gain during the first 70 cycles of ABC MLD at 100 °C is shown in 
Figure 5.1. The pulse, exposure and purge time for all precursors are 0.15, 30, and 30 s. 
The growth behavior can be described by three different regions.38 Region I displays a 
small constant mass gain during the first 37 cycles. The mass gain per cycle rapid increases 
during the transition period from cycle 38 to 49 in region II. Finally, the mass gain per 
cycle reaches a steady state in region III after cycle 50, with an average value of 1510 
ng/cm2/cycle, much larger than that of a typical MLD growth based solely on self-limited 
monolayer formation on the surface. This three-region mass gain behavior is similar to that 
observed with the growth of TMA-EA-MA at 90 °C, where the large mass gain and non-
linear growth behavior were attributed to the diffusion of the TMA precursor into and out 
of the film.38 
The QCM data is also consistent with our previous observation in the AZ-MA-H2O 
MLD growth using similar growth conditions but only measured ex situ using SE.111 A 
relatively low growth per cycle (GPC) of 10 Å/cycle was observed up to 10 cycles, and the 
GPC increased rapidly during the first 50 cycles before it stabilized at an average value of 
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90 Å/cycle after 50 cycles. We hypothesized that the growth acceleration in the ABC 
sequence was due to excess precursors in the films serving as nucleation sites and reacting 
with following reactants after cycle 50.111 
 
 
Figure 5.1 QCM mass gain of 70 cycles of ABC film grown on ALD Al2O3 at 100 °C. 
MLD conditions: (Tsub, tAZ pulse tAZ expo tAZ purge, tMA pulse tMA expo tMA purge, tH2O pulse tH2O expo tH2O 
purge) 
 
The details of mass gains introduced by each precursor in the three growth regions 
are displayed in Figure 5.2. Initial mass gain of about 51 ng/cm2 (Figure 5.2(a)) was 
observed after the first AZ pulse due to the ring-opening reaction of AZ on the hydroxyl 
surface.50 Note that the mass uptake (~25 ng/cm2) during the exposure of precursors 
(labeled as different colored blocks) is mainly due to the effect of pressure change on the 
QCM during the exposure period during which the isolation valve to the pump is closed. 
The coverage of the first AZ pulse on the surface is calculated to be ~1.7 molecule/nm2, 
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consistent with our previous study of ALD SiO2 growth using cyclic azasilanes and O3.93 
The subsequent MA added a mass gain of 22 ng/cm2, ~1.3 molecule/nm2, likely due to the 
reaction between MA and the unreacted surface hydroxyl groups after the AZ reactions. 
The first H2O pulse led to a mass gain of 11 ng/cm2, or 3.7 molecule/nm2. However, the 
mass gains for the subsequent AZ-MA-H2O cycles were negligible in region I. The film 
could not grow at an efficient deposition rate due to insufficient film thickness available 
for the precursor diffusion to occur.  
In the transition stage of region II, the mass gain per cycle slowly increased (Figure 
5.2(b)). Cycle 45 attained a large mass gain (~550 ng/cm2) during the AZ exposure, 
indicating that AZ diffuses into the film, because this mass gain is much larger than that 
introduced by the pressure change shown in Figure 5.2(a). AZ then partially diffuses out, 
resulting in a net mass gain of 342 ng/cm2 equivalent to ~9 AZ monolayers on hydroxyl 
surfaces. The mass gain for subsequent MA exposure in cycle 45 is 253 ng/cm2, which is 
also consistent with subsurface adsorption and reaction. Interestingly, no significant mass 
loss after the exposure of MA was observed, different from the mass change behavior after 
the AZ exposure. The H2O step, instead of additional mass uptake, led to a negative mass 
gain. This mass loss phenomenon after the H2O exposure occurred to all the cycles in 
region II and III. It suggests that H2O molecules do not diffuse subsurface and become 
trapped/physisorbed significantly. However, the negative mass change is evidence of the 
continuous mass loss of the film. It is likely that the out-diffusion of AZ and MA continues 
to take place after the H2O exposure, and the mass loss due to the diffusion out process 
overwhelms any mass gain by H2O pulse.  We note that no mass loss is expected to be 
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caused by the water pulse, i.e., no ligands are cleaved as in the conventional hydrolysis in 
typical ALD chemistries. 
The average mass gain in region III is 819, 757, and -66 ng/cm2/cycle for AZ, MA 
and H2O, respectively (Figure 5.2(c)). The overall kinetics of species transportation, 
diffusion, adsorption, desorption and reaction reach a steady state after cycle 50. The 
amount of mass loss after H2O exposure increased with the increase of uptake of AZ and 
MA compared with region II.  
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Figure 5.2 QCM mass gain details for ABC film growth in region (a) I, (b) II and (c) III 
with purge times of 30 s. The exposure time for each precursor is 30 s, which is shown as 
color block. The mass uptake in region I (a) during the exposure time is mainly due to the 
effect of pressure increase on the QCM. 
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5.4 Effect of Purge Time 
To further explore the diffusion effect of AZ and MA, AB films using AZ-MA 
sequence at 100 °C were deposited. (The details of different precursor combination and 
sequence is discussed in Figure 5.5.) Film thickness was characterized by SE when various 
precursor purge times were applied after 50 MLD cycles (Figure 5.3). In the first 
experiment, the purge time after AZ and MA were equal (red line). Increases in purge time 
resulted in thinner films. Specifically, purge times of 15 and 120 s for both precursors 
yielded a film thickness of 110 and 33 nm, respectively. While prolonged purge of 300 s 
only leads to a film of 2.07 nm. Considering the first AZ and MA pulses usually add mass 
gains equivalent to two monolayers as shown in Figure 5.2(a), negligible film growth 
occurred after the initial MLD cycle. This is in agreement with the proposed diffusion 
theory that the adsorbed precursors are able to diffuse out of the film given sufficient time, 
resulting in smaller growth rate. The minimal growth with 300 s purge time after 50 AB 
cycles indicates that there are negligible effective surface chemical reactions between AZ 
and MA at 100 °C under the MLD conditions. That is, the growth of materials is fully 
attributed to the subsurface adsorption of precursors AZ and MA, which otherwise does 
not occur by surface-limiting reactions. 
The AZ and MA were also purged for different times to study their individual 
diffusion effect to the film growth. Shown as the blue dots in Figure 5.3, leaving one 
precursor for a long purge of 300 s while decreasing the purge of the other precursor to 15 
s dramatically decreased the overall thickness, compared with the condition when both AZ 
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and MA were purged for 15 s. This result confirmed that both precursors play a critical role 
in subsurface diffusion, which contribute to the rapid growth of the films.  
 
 
Figure 5.3 Effect of purge time on the growth rate by films thickness measured by SE with 
50 cycles of AZ-MA films deposited at 100 °C. The red line represents deposition with a 
purge time of 15, 120 and 300 s for both AZ and MA. The blue dots represent deposition 
carried out with different purge times shown on the figure for both precursors. 
  
Further systematic QCM study of the purge time is shown in Figure 4. Similar 
results were observed in that shorter purge times resulted in much larger mass gains after 
the same number of MLD cycle numbers. Approximately 35, 45 and 70 cycles are needed 
for the MLD films with purge times of 15, 30 and 60 s to reach region III. In contrast, a 
longer purge of 150 s was not able to initiate region III growth behavior after 100 cycles.  
However, there seems to be a critical mass gain that ranges from 1000 to 3000 ng/cm2 
highlighted in Figure 5.4 that is needed to enter region III. This critical mass range occurs 
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in region II, where the mass gain per cycle is rapidly increasing. This critical mass region 
is independent of cycle numbers or purge times. We believe this critical mass (or thickness) 
becomes large enough to act as a reservoir for absorbed precursor to accelerate growth.  
When the film thickness is larger than this critical thickness, AZ and MA diffusion likely 
does not occur through the entire film, and region III growth begins (steady state growth 
per cycle). Compared with our previous study,111 the critical mass gain 1000 to 3000 
ng/cm2 observed here corresponds to a threshold thickness of 30-50 nm measured by SE 
for ABC films. 
 
Figure 5.4 Effect of purge time on the growth rate by mass gain at 100 °C. The highlighted 
area (1000-3000 ng/cm2) indicates the threshold mass of MLD films required to initiate the 
steady state growth (region III).   
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5.5 Effect of MLD Precursor Sequence 
 The same critical mass gain 1000-3000 ng/cm2 highlighted in Figure 5.4 also exists 
during the growth of films using different combination and sequences of precursors. All 
precursors followed a pulse, exposure and purge procedure for 0.15, 30 and 30 s, 
respectively. Four MLD sequences including B-A-C, A-B-C, A-C-B-C and A-B all 
displayed the typical three region growth characteristics. It is evident that the growth of 
these films is dominated by subsurface reactions/adsorption, rather than surface reactions, 
the former of which depends on the sequence of precursors. The B-A-C and A-B-C 
demonstrated similar growth behavior such as critical cycle numbers (38 for B-A-C and 42 
for A-B-C) and growth rates (1400 ng/cm2/cycle for B-A-C and 1510 ng/cm2/cycle for A-
B-C) in the steady state region III. The A-C-B-C films has smaller growth rate of 880 
ng/cm2/cycle in region III compared with B-A-C and A-B-C ones, mainly due to the extra 
H2O step which increased the total duration time of one cycle and hence permitted 
relatively more diffusion out of AZ and MA. While without the H2O pulse, the A-B 
sequence still produces films at relatively large grow rate of 770 ng/cm2/cycle.  However, 
the A-B sequence showed a delayed takeoff cycle number at cycle 95 compared with other 
MLD sequences with H2O pulses. The purge time is not the reason for the slower growth 
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of AB film because the AB cycles has the shortest cycle duration among all the MLD 
sequences we investigated.  
 
Figure 5.5 Effect of precursor sequence on the mass gain at 100 °C. All precursors have 
the same condition of (0.15 30 30). The highlighted area (1000-3000 ng/cm2) indicates the 
threshold mass of MLD films required to initiate the steady state growth. 
 
Our previous study indicated that the ring-opening reaction of AZ could only occur 
with hydroxyls or water but not with MA or -COOH.111 As a result, the only possible 
chemical reactions between AZ and MA are the ring-opening reaction of MA by amine 
groups yielding -COOH, and the subsequent amidation98 between AZ and the -COOH 
liberating H2O.111 It is known that H2O molecules are able to adsorb on most surfaces at 
100 °C.99 And we hypothesize that the absorbed H2O plays a critical role in the growth 
mechanism, opening the rings of AZ and MA, recreating reactive -OH surfaces, and 
trapping the diffused precursors in the bulk of the films. This also explains the higher 
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growth rates in B-A-C, A-B-C and A-C-B-C with deliberate H2O pulses compared with A-
B sequence without water. Even though the subsurface nucleation and growth details are 
not clear at this stage, it is suggested that H2O pulses and the physisorbed H2O molecules 
facilitate the subsurface film growth by reacting with trapped precursors MA and AZ, 
though H2O itself did not display significant diffusion behavior. 
 
5.6 Effect of Reactor Temperature 
 
Figure 5.6 Effect of temperature on the mass gain.  Note, for clarity of both temperatures 
mass gain is plotted on a logarithmic scale.   
 
 The growth rate decreased progressively with increased temperatures. Shown in 
figure 5.6, ABC film grown at 120 °C remains low at ~300 ng/cm2 throughout the 75 cycles, 
which is below the hypothesized critical mass gain (1000-3000 ng/cm2). It is believed that 
higher temperatures lead to precursor desorption, decreased the incorporation and 
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residence times of precursors in the film, and consequently impeded the formation of the 
steady state region.38,111 Note that 120 °C was still able to produce ABC films at relatively 
large grow rate (~ 35 Å/cycle) in our previous study.111 This slight discrepancy in the effect 
of temperature windows on the precursor diffusion is probably caused by different MLD 
reactors. 
 
5.7 Comparison with Other Studies 
 The three-region diffusion behavior and a large steady state growth rate during 
MLD have been investigated in details in two other MLD systems from three references. 
TMA was observed to diffuse into and out of the TMA-EA-MA films.38 Gong et al.37 and 
Lee et al.36 both reported subsurface growth during MLD using TMA and GLY. Both 
precursors were suggested to diffuse into the films. Comparison is listed in Table 5.2 
between this study and the other systems to highlight similarities and differences.  
The temperatures under which subsurface reactions rather than ideal surface-
limiting reactions take place are relatively consistent in these reports. 90-120 °C seems to 
be the ‘diffusion window’ for those non-ideal MLD reactions. This moderate temperature 
range provides sufficient thermal energy for the reactions, while avoiding the enhancement 
of diffusion out and desorption of precursors at higher temperatures. The mass gain per 
cycle in the steady state region III varies from 134-3980 ng/cm2/cycle. A typical mass gain 
for MLD aluminum alkoxide (alucone) using TMA and ethylene glycol (EG) is about 40 
ng/cm2/cycle at 105 °C.34 The TMA-EA-MA films display much higher mass gain than 
those of other films. Also, the two of three-step deposition chemistries show larger mass 
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gain than that of the two-step TMA-GLY growth. On one hand more precursors are likely 
to introduce larger mass gain per cycle. On the other hand, subsurface diffusion is highly 
dependent on the structure of the precursors and the porosity of the films. The required 
purge times to enable the diffusion behavior are shorter than 60 s for the AZ-MA-H2O and 
TMA-GLY films. The TMA-EA-MA system sustains up to 300 s of purge, possibly due to 
its very large mass gain. The takeoff mass gain required to initiate the rapid mass growth 
is in the range from 1000 to 8000 ng/cm2 with the TMA-EA-MA at the higher end. This 
range is relatively a small range considering most films reached a mass gain of tens of 
thousands ng/cm2 in region III. Similarly, there exists a takeoff thickness mostly ranging 
from 30-50 nm. They are evidence of a universal critical mass gain/ thickness for 
significant precursor diffusion and subsurface reactions during MLD reactions, which is 
related to the diffusion distance of precursors and the ability of the film to act as a precursor 
reservoir. 
In the investigation of TMA-EA-MA systems, TMA was the only precursor 
reported to be responsible for the rapid film growth and the reaction of MA was believed 
to be solely surface-limiting.38 This was attributed to the small size of TMA molecules.38 
Moreover, the Lewis acidity of TMA was suggested to be critical in the TMA-GLY 
growth.36 In our study, we employed the AZ-MA-H2O sequence without the presence of 
TMA and observed the diffusion of AZ and MA. This reveals the effect of precursor 
properties on the growth behavior; One precursor diffusing in one system might not behave 
the same in another one, suggesting the complexity of MLD process.  
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Table 5.2 Comparison of MLD precursor diffusion behavior in the AZ-MA-H2O and 
previously reported systems. The bold precursors were indicated to diffuse into the bulk of 
the films by QCM study. The diffusion temperature and diffusion purge time are the 
conditions under which the diffusion behavior was observed. The mass gain in region III 
was directly stated in the references, while the takeoff mass gain and thickness were 
estimated based on the figures in these references. 
Reference 
Precursors 
(bold: 
diffuse 
subsurface) 
Diffusion 
temperature 
(°C) 
Mass gain in 
region III 
(ng/cm2/cycle) 
Diffusion 
purge 
time (s) 
Takeoff 
mass gain 
(ng/cm2) 
Takeoff 
thickness 
(nm) 
this study 
and Ju111 
AZ-MA-
H2O 
100 1510 (100 °C, 30 s) 15-60 
1000-
3000 30-50 
Seghete38 TMA-EA-MA 90-110 
3980 (90 °C, 
60 s) up to 300 
5000-
8000 30-80 
Gong37 TMA-GLY 90-120 328 (120 °C, 40 s) 40 
1000-
2000 20-40 
Lee36 TMA-GLY 100-125 134 (125 °C, 10 s) 10-30 
3000-
5000 30-50 
 
The diffusion behavior during MLD growth does not seem to be rare, and in-depth 
understanding of the growth mechanism is still needed. However, the non-ideal subsurface 
growth might construct a bridge between ideal surface-saturated ALD/MLD process with 
sequential introduction of precursors and purging gases, and the relatively uninhibited 
CVD reactions with simultaneous and continuous injection of precursors and much higher 
growth rate up to 1 μm/min.14 MLD films under conditions in which precursor diffusion 
occurs within the film possess low mean RMS roughness36,37 and good control over the 
deposition rate and chemical composition, and at the same time displays much faster film 
growth than conventional ALD/MLD processes, considering that the slow growth rate of 
ALD (~ 1Å/cycle) is one of its major limitations towards commercial use.1 It could 
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potentially be used as deposition on semiconductor devices where long exposure to high 
deposition temperature is undesired. 
 
5.8 Effect of Super-long Purge 
An extreme long purge of 3×104 s (~ 8h) was conducted immediately after an ABC 
deposition of (100 °C, 0.15  30  60, 0.15  30  60, 0.15 30  60) for 100 cycles (Figure 5.7(a)). 
The film was ~2.55×104 ng/cm2 before the long purge with a growth rate of ~610 
ng/cm2/cycle. As a result, the long exposure to N2 flow in the reactor lead to a net mass 
loss of ~ 2000 ng/cm2, which is approximately 8% of its total gain. The mass decrease is 
more dramatic in the first 2h and reached minimum after 8h. Possible reasons for the mass 
loss include the diffusion out and desorption of precursors, and the decomposition and 
restructure of the MLD films. This value of negative mass change (~ 2000 ng/cm2) is in 
reasonable agreement of the hypothesized critical mass gain required for rapid film growth 
(1000-3000 ng/cm2), both of which could be associated with the diffusion distance of 
precursors. During the deposition process, the large growth rate in region III can be 
achieved when the diffusion distance of precursors is larger than the film thickness, while 
a few top layers could be decomposed by the diffusion out of precursors throughout their 
diffusion distance during a long purge process. The film decomposition seems to stop after 
8h shown in Figure 7(a). Similarly, a mass decrease equivalent to ~1 MLD cycle was 
observed during a 40 min exposure to N2 flow after 200 cycles of TMA-GLY deposition 
at 125 °C. The mass loss increased at higher temperatures, attributed to the instability and 
desorption of surface species.36 
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To further study the effect of the very long purge on the film growth, 3 cycles of 
ABC film was deposited on the as-purged ABC film (Figure 5.7(b)). The pulse, exposure 
and purge times are 0.15, 30 and 30 s, respectively for each precursor. The growth rate is 
38 ng/cm2/cycle compared to 1510 ng/cm2/cycle in a steady state region under the same 
condition (Figure 2(c)), surprisingly low on an ABC film with a mass of ~2.35×104 ng/cm2. 
This indicates significant changes on the surface and in the bulk of the films, which do not 
facilitate the diffusion of precursors and subsurface reactions. The changes may result from 
termination of reactive sites and removal of adsorbed precursors. Longer purge allows for 
possible restructure of the films and hence possible consumption of reactive sites that 
enable reaction with subsequent precursors. Another explanation is that long purge leads 
to complete removal of the previously diffused and adsorbed precursors. These precursors 
in the bulk serve as critical nucleation sites, which can trap and stabilize subsequent 
precursors. Without these reactive and nucleation sites, the subsurface reactions could not 
take place even if sufficient film thickness is available. Note that the largest mass gains of 
20-50 ng/cm2/pulse were observed after MA exposure compared with the negligible mass 
change after the AZ and H2O steps, indicating the selective reaction upon the MA precursor, 
though the detailed chemistry still requires further investigation. This observation again 
reveals the complications of precursor diffusion behavior in MLD growth. Besides a 
critical mass/thickness of film to ensure sufficient diffusion distance, sufficient amount of 
reactive/nucleation sites seems to be another prerequisite to initiate the rapid growth. 
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Figure 5.7 (a) Mass change during a very long purge of 3×104 s (~ 8h) after growth of 100 
cycles of ABC films  with a mas gain of ~ 2.55×104 ng/cm2 at 100 °C, immediately 
followed by (b) 3 cycles of A-B-C process with pulse, exposure and purge times of 0.15, 
30 and 30 s for all precursors. 
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5.9 Conclusions 
Growth of hybrid ABC MLD films using A: cyclic azasilane (AZ), B: maleic 
anhydride (MA) and C: H2O was studied by QCM measurements. At 100 °C, the growth 
began with a small mass gain per cycle in the initial 30 cycles, followed by a transition 
period with increasing growth rate until it reached a steady state region with constant mass 
gain of ~ 1510 ng/cm2/cycle after cycle 50. The large growth rates were attributed to the 
diffusion of precursors AZ and MA into the film, causing a CVD-like reaction.  
Reaction conditions including purge time, precursor sequence and temperature 
have effects on the diffusion behavior. The growth rate at steady state decreased with 
longer purging times, because longer purging allows precursor to diffuse out of the film. A 
purge of 150 s is sufficient to restrict the rapid film growth after 100 cycles of ABC 
deposition. Switching the precursor sequence to B-A-C, A-C-B-C and A-B still resulted in 
the diffusion behavior, due to dominant subsurface reactions rather than surface reactions. 
The A-B process produced smaller growth rates than the other sequences, indicating the 
critical role the H2O played in the film growth. The diffusion of precursors is highly 
dependent on the reactor temperature, because the residence time of precursors is reduced 
at higher temperature (120 °C). It is suggested that a critical mass gain of 1000-3000 
ng/cm2 is required to initiate the rapid growth, which is independent on the cycle numbers. 
Upon exposure to very long purge of 3×104 s, the diffusion out of precursors and 
decomposition of the film resulted in a mass loss of ~ 2000 ng/cm2. Subsequent deposition 
on the as-purged film did not lead to immediate large growth rate, likely due to the structure 
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and composition change in the film during the purge which did not facilitate the trapping 
and adsorption of diffused precursors. 
The precursor diffusion behavior of MLD growth is unique between ideal surface-
limiting MLD/ALD processes and the continuous CVD growth with simultaneous supply 
of all precursors. The deposition can be conducted under mild temperatures with much 
faster growth rate than conventional MLD chemistries while maintaining good uniformity, 
conformality and smoothness of the films, and avoids the undesired long exposure to 
thermal and chemical environments. 
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6. In situ Measurement of Fixed Charge Evolution at Si 
Surfaces during ALD Al2O3 
6.1 Fixed Interfacial Charge of ALD Al2O3 
Interfacial structure and chemistry at semiconductor dielectric interfaces strongly 
affect the near-surface electronic properties which can dominate overall device behavior. 
Although dielectrics often play an electronically “passive” role in applications, they 
nonetheless impact the electronic properties of the contacting semiconductor. For example, 
oxide and nitride thin films enable high quality surface passivation in photovoltaics112 and 
dielectric barriers for field effect transistors.113 In particular, the phenomenon of fixed 
charge at the semiconductor-oxide interface can affect surface recombination rates and flat-
band voltage shifts in gating applications.112,114 The precise chemical origin of the 
interfacial fixed charge that develops during film growth is not well studied. A more 
detailed understanding of the development and evolution of fixed interfacial charge or 
surface dipole may allow for manipulation of interfacial electronic behavior.  
Amongst deposition techniques, atomic layer deposition (ALD) has been 
increasingly used for the production and study of interfacial oxides due to its characteristics 
of precise thickness control, diversity of compositions, low temperature deposition, and 
conformality.2,115 The importance of ALD oxide thin films has been demonstrated in 
applications including dielectric barriers,113 surface passivation,10 and chemical 
protection.116,117 One of the most-studied examples of ALD interface modification is the 
Si-SiO2-Al2O3 stack in which an alumina film is deposited on a Si surface, producing a thin 
interfacial SiO2 layer if not already present. This system has found significant interest for 
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surface passivation in Si-based photovoltaics due to a low density of interfacial electronic 
defects and a large fixed negative charge at the SiO2-Al2O3 interface, the latter of which 
creates band bending in the semiconductor resulting in field-effect passivation.10,118–120 
ALD alumina has also been studied as a potential gate dielectric replacement for SiO2, 
where fixed negative charges induce changes in flat-band voltage.113 The presence of fixed 
negative interfacial charge has been detected by a variety of ex-situ techniques including 
corona charging coupled with photoconductivity decay,121 current-voltage,122 capacitance-
voltage,119–121,123 and second harmonic generation measurements.124 Notably, the 
formation of a high density of negative interfacial charge is only observed after 
postdeposition annealing in inert or reducing atmosphere.10 The chemical deposition steps 
that result in the fixed negative charge, however, have not been identified. In situ electronic 
measurements provide a means to correlate the surface chemical exposures to changes in 
electronic behavior and identify the chemical effects on surface electrostatics during film 
nucleation and growth. Surface conductance measurements on Si have been reported 
during exposure to O2, Cl2, pyridine, dissolved redox species, and other reactive 
volatiles.125–128  
6.2 Monitoring the Fixed Charge by In-situ Conductance Measurements 
In situ measurements are particularly attractive in the context of ALD because each 
chemical step is temporally separated allowing for the correlation of chemical129,130 and 
electronic131,132 property changes with each self-limiting chemical reaction. For example, 
resistivity measurements of ZnO thin films were made during ALD reporting the time 
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evolution of the conductivity during changes of  onducting layer thickness, surface 
chemistry, and dopant incorporation.131,132   
 
 
Figure 6.1 Cross-section of the device measurement geometry. I-V data were continually 
acquired during the chemical exposures corresponding to metal oxide growth to monitor 
the formation of a fixed interfacial charge, NS.  
 
To understand the correlation between the chemical steps that result in ALD film 
growth and the evolution of the surface electrostatics on Si, we examined changes in 
conductance during ALD growth of alumina on Si. A total of four sample types (two ohmic 
and two rectifying) were employed to quantify the sign and magnitude of the effective 
interfacial charge that develops (Figure 6.1). The configuration is similar to a metal oxide 
semiconductor field effect transistor (MOSFET); however, the gate electrode is omitted for 
a “chemical gate” which is simply the native-oxide-coated (dSiO2=0.5 nm) Si channel upon 
which the ALD alumina film is grown.  
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6.3 Sample Fabrication 
Samples were fabricated using photolithography and dopant diffusion techniques. 
Two rectangular doped wells were created in n- or p-Si and smaller metal pads were 
evaporated within these doped regions. Silicon wafers, (n-type, phosphorous-doped, (100) 
orientation, 300-micron thickness, resistivity 10-30 ohm-cm and p-type, boron-doped, (100) 
orientation, 500-micron thickness, resistivity 8-15 ohm-cm), were cut into ≈ 2 cm × 1.5 cm 
pieces. Samples were cleaned using the RCA standard cleaning procedure and then an 
oxide layer (≈ 500 nm) was grown on the surface by a 42-min exposure to wet O2 in a tube 
furnace operating at 1100 °C. Two parallel openings (0.5 × 0.9 cm2) separated from each 
other by 0.1 cm were produced on the oxide by standard photolithography followed by HF 
etching. These exposed regions were doped p-type (Filmtronics) or n-type (n-diffusol, 
Transene) using a spin-on dopant. A thin layer of the spin-on dopants were applied by spin 
coating for 20 s at 4000 rpm and were subsequently baked on hotplate at 200 °C for 2 min. 
The samples were annealed by exposure to dry O2 for 15 min at 1000 °C (p-diffusant) and 
950 °C (n-diffusant). Samples were then etched in HF and then annealed for 1 h at 1100 °C 
to drive the dopant atoms further into the Si. A lithographic procedure was used again to 
open two separated 0.3 cm × 0.3 cm areas within each of the doped regions. A thin film of 
Al (≈ 250 nm) was evaporated within the doped regions using electron beam evaporation. 
After resist lift-off, samples were annealed at 300 °C for 10 min (p-dopant) and 200 °C for 
5 min (n-dopant) to improve electrical contact between the Al pads and the doped wells. 
Detailed procedure is shown in Figure 6.2. 
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Figure 6.2 Sample fabrication using photolithography and dopant diffusion techniques. 
Two rectangular doped wells were created in n- or p-Si and smaller metal pads were 
evaporated within these doped regions. 
 
6.4 Quantification of SiO2 Thickness before ALD 
Native silicon oxide thickness was measured on samples prior to ALD using XPS. 
Survey scans from 0 to 1100 eV were performed to identify the elements that were present 
on the surface, followed by collection of high-resolution Si 2p (90-105 eV) and C 1s (275-
291eV) scans (Figure 6.3). All peak positions were normalized to the C 1s peak (284.6 eV).  
A substrate-overlayer model133–135 was used to calculate the thickness of the SiO2 overlayer, 
 𝑑ௌ௜ைଶ, 
𝑑ௌ௜ை = 𝜆௢௫௬ sin  ቊln ቈ1 + ቆ
𝐼ௌ௜௢
𝐼௢௫௬௢
ቇ ൬
𝐼௢௫௬
𝐼ௌ௜
൰቉ቋ 
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where 𝑑ௌ௜ைଶ is the thickness of the SiO2 layer, 𝜆௢௫௬ is the effective attenuation length for 
SiO2 (taken to be 3.8 nm),  is the angle from the horizontal to the detector (90°), 𝐼ௌ௜௢  and 
𝐼௢௫௬௢  are instrumental sensitivity factors related to signals from pure bulk Si and SiO2, and 
𝐼௢௫௬ and 𝐼ௌ௜ are the signal intensities for Si 2p of SiO2 and Si (3/2), respectively.  
The sensitivity factors  𝐼ௌ௜௢  and 𝐼௢௫௬௢  could be determined either theoretically or 
experimentally. Using the method described in ref.133, we calculated  𝐼ௌ௜௢  and 𝐼௢௫௬௢  to be 0.14 
and 0.25, respectively. The thickness of native SiO2 layers was then calculated to be 0.49 
nm before ALD deposition, in agreement with previous reports.136 
 
Figure 6.3 Si 2p peak indicating SiO2 native oxide layer before ALD deposition 
 
6.5 Current-Voltage (I-V) Data During Al2O3 Deposition  
I-V data were obtained using a Keithley 2400C with voltages sweep from -1.4 to 
1.4 V. Al2O3 ALD films were grown using water and trimethylaluminum (TMA) as 
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precursors in an Ultratech/Cambridge Nanotech S100 ALD system. Water and TMA were 
pulsed for 0.015 s, with a waiting time of 96 and 64 s after water and TMA pulses, 
respectively. The reactor temperature was 150 °C. A home-built electrical feed-through 
(Figure 6.4) was used to measure the in-situ I-V data between the Al pads which were 
separated by the n- or p-type channel.  
 
Figure 6.4 Customized electrical feed-through 
 
Utilizing this custom-built feed-throughs, current-voltage (I-V) curves were 
obtained continually before, during, and after ALD growth. Changes of I-V data are shown 
for n+ contacts to n-Si (Figure 6.5(a), p+ contacts to p-Si (Figure 6.5(b)), n+ contacts to p-
Si (Figure 6.6(a)) and p+ contacts to n-Si (Figure 6.6(b)) before and after the first TMA 
pulse. These plots were used to extract conductance or Isat data used in section 6.6. 
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Figure 6.5 I-V data measured in-situ for (a) n+ contacts to n-Si and (b) for p+ contacts to 
p-Si before and after the first TMA pulse. 
 
 
Figure 6.6 I-V data measured in-situ for (a) n+ contacts to p-Si and (b) for p+ contacts to 
n-Si before and after the first TMA pulse. 
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6.6 Conductance Change for Ohmic-type Samples 
 
Figure 6.7 Measured conductance change vs. time for (a) n-channel devices with n+ 
contacts and (b) p-channel devices with p+ contacts. The ALD pulse sequence is indicated 
at the bottom of each plot. The initial TMA pulse is indicated with an arrow.    
 
Conductance change (∆G) was calculated from linear fits to the measured I-V data 
and is plotted vs. time along with the ALD pulse sequence for ohmic-type devices which 
utilized n+ diffused contacts on n-type wafers or p+ diffused contacts on p-type wafers 
(Figure 6.7). Changes in conductance were observed corresponding to ALD chemical 
exposures for both sample types. For n+ contacts on n-type Si, small changes are observed 
during the first chemical exposure to water vapor consistent with the results from Lopinski 
et al.128 The following exposure to TMA induced a decrease in measured conductance 
(~7×10-5 S). Subsequent TMA exposures between H2O exposures exhibited measurable 
decreases in conductance that diminished in magnitude. Conversely, p+ contacts on p-
channel devices exhibited an increase in conductance upon TMA exposure. Similar to n-
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type samples, however, very small changes in conductance were observed upon exposure 
to H2O vapor. The incremental changes in conductance during subsequent TMA pulses 
were smaller in magnitude than the initial pulse, as was observed in n-type samples.     
 
6.7 Reverse Bias Current Change for Diode-type Samples 
The reverse bias current (Isat) was extracted at 1V bias from I-V curves between rectifying 
contact devices consisting of n+ (p+) diffused contacts on p (n) Si (Figure 6.8). This 
configuration yields back to back diodes, in which case the relevant variable controlling 
Isat is not the conductivity of the channel, but the magnitude of the built-in potential and 
area of the reverse biased p-n junction, analogous to the MOSFET. In both configurations, 
water pulses had a small effect on Isat. P-type substrates with n+ contacts exhibited a 
decrease in Isat that was most pronounced after the first TMA pulse. N-type substrates with 
p+ contacts showed an increase in Isat. Additional exposures to TMA and water vapor 
continued to change Isat; however, these changes diminished in magnitude relative to 
previous chemical exposures. All diode-type samples continually exhibited non-linear I-V 
behavior indicating that an inversion layer was not formed during ALD.  
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Figure 6.8 Measured reverse bias current (Jsat) vs. time for (a) p-channel devices with n+ 
contacts and (b) n-channel devices with p+ contacts. The ALD pulse sequence is indicated 
at the bottom of each plot.  
 
6.8 Control Experiment of Entire Device on the SiO2 Insulator.  
 
Figure 6.9 Measured conductance vs. time for SiO2 thin film during ALD pulses 
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Conductance was also calculated from the measured I-V data on a thick SiO2 film 
(~ 500 nm) during ALD pulses (Figure 6.9). There is no measureable change associated 
with the ALD pulses, indicating negligible conduction through the ALD alumina thin film. 
 
6.9 Discussion on the Source of the Conductance Change 
These data are consistent with the formation of a fixed negative charge or a change 
in surface dipole at the Si surface during exposure to TMA. The conductance measured 
through each ohmic-type sample can be simplified in terms of bulk and space charge 
components, since the deposited alumina is insulating (Figure 6.9). Assuming the bulk 
conductivity is unchanged during the experiment, space charge conductance is responsible 
for the measured changes. We assume that changes in resistance are due to changes in 
carrier concentration in the space charge region rather than changes in carrier mobility or 
temperature. Changes in mobility are considered insignificant under these experimental 
conditions because the near surface region is not driven into strong inversion or 
accumulation.137 Temperature effects due to the exothermic reaction of TMA hydrolysis138 
are likely small out because thermal effects should drive ohmic-type samples both toward 
smaller conductance due to decreases in carrier mobility in the extrinsic temperature range 
of this experiment (i.e., n >> ni,150 °C, the majority carrier concentration is greater than the 
intrinsic carrier concentration at the measurement temperature). Further, conductance 
changes due to temperature changes recover to initial values after allowing the chamber to 
re-equilibrate. The change in conductivity, ∆σ, for n-type samples is therefore  
 ∆𝜎 = 𝑞𝜇௡∆𝑛,        (1) 
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where μn is the electron mobility and ∆n is the change in carrier concentration. The 
measured change in conductance, ∆G, based on the device geometry is then 
∆𝐺 = ௪௧
௟
∆𝜎 = ௪௧௤ఓ
௟
∆𝑛,               (2) 
where w is the channel width, t is the sample thickness, and l is the channel length. 
Assuming constant mobilities of 600 and 200 cm2 V-1 s-1 for electrons and holes in n- and 
p-type Si at 150 °C allows for estimation of the changes in surface fixed charge density of 
Ns=-4.6×1010 and -2.5×1010 cm-2 for n- and p-type samples, respectively (where Ns=Qs/q 
and Qs is the net amount of surface charge). These values are significantly smaller than in 
previously reported alumina-coated Si samples that were subject to a post-deposition 
anneal but are consistent with the as-deposited state.139 Here, we model our results as a 
continuum of fixed charge at the Si surface, for consistency, rather than a dipole, although 
changes in the magnitude or structure of a surface dipole could induce the electrostatic 
changes observed.  
Each device configuration displayed drift in the measured conductance after the 
initial ALD pulses. This drift in conductance was larger than that of the idle sample prior 
to the ALD pulses and is most pronounced during the first several ALD cycles. Since the 
conductance drift is opposite in sign for n- and p-type ohmic samples, we propose that this 
drift is not due to changes in temperature, as described above. We hypothesize that the 
conductance drift may be due to structural rearrangement of the deposited alumina 
precursor, such as condensation of OH groups within the nucleating film which would 
liberate water. In the case of Figure 6.8(a), the second pulse shows an increase in Isat, which 
is not consistent with an increase in negative fixed charge. In this sample, increases in 
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temperature and negative fixed charge will have opposite effects on Isat. Therefore, this 
observation is ascribed to temperature changes due to flow changes140 and/or the 
exothermic reaction of TMA oxidation without significant electrostatic changes. We 
calculate local sample temperature changes of up to 0.1 °C, which could cause an increase 
in Isat. We also note that changes in flow due to pulsing even inert gas induce similar 
transients that decay back to pre-pulse values over the same timescales, indicating non-
chemical thermal effects. We note that this change in trend in ohmic samples (Figure 6.7(a)) 
did not occur, since increases in temperature and negative charge drive the conductance in 
the same direction.  
 
6.10 Simulations of the Fixed Charge 
Two-dimensional device physics simulations were examined to further understand and 
validate the changes in surface conductance (Sentaurus Device, Synopsys, Inc.). Doped 
regions were defined below simulated electrical contacts with ND = 1×1018 cm-3 separated 
by a 3μm Si channel (n-type, ND=1×1015 cm-3). A surface charge was parameterized in an 
oxide (thickness = 1 nm) on the Si channel surface and varied from -1×1014 cm-2 to 1×1014 
cm-2. Default values for Si mobility (μe= 1417 cm2V-1s-1 and μh 470 cm2V-1s-1) and lifetime 
(τe = 1×10-5 s and τh = 1×10-6 s) were used at a simulation temperature of 25 °C. Simulated 
voltages between the contacts were swept from 0 to 1 V while solving coupled poisson and 
electron/hole continuity equations with a maximum and minimum step voltage of 10 mV 
and 0.1 mV, respectively. The simulated device geometry and dopant densities were 
identical to the experimental samples, except that the dimensions were reduced to decrease 
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computation time. A fixed surface charge of varied sign and magnitude was implemented 
at the Si surface within a 1 nm oxide layer between the doped contact regions. 
 
 
Figure 6.10 (a) Conductance behavior based on simulated I-V curves for ohmic-type 
configuration with n+ contacts on an n-Si substrate as a function of surface fixed charge. 
(b) Simulated saturation current for rectifying contacts with p+ contacts on n-type Si 
substrates as a function of fixed charge. Inset of (b) highlights the decrease in Isat at positive 
fixed charge density.  
 
A linear fit to the simulated I-V data was used to calculate sample conductance as 
in the experiment (Figure 6.10(a)). The magnitude and sign of the fixed charge both affect 
the simulated sample conductance due to changes in space charge conductance. Changes 
in conductance are simulated to be small up to surface charge densities of up to 109cm-2. 
Consistent with the experimental results, the fixed negative charge causes a decrease in 
conductance on ohmic, n-type samples due to a depletion of electrons in the near surface 
region and an increase in conductance on analogous p-type samples.  
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We also simulated the I-V behavior of n-type Si substrates with p+ contacts and plot 
the saturation current density (Isat) vs. interfacial fixed charge (Figure 6.10(b)). Analogous 
to the MOSFET device, large fixed positive charges do not appreciably change Isat, but 
fixed negative charges increase electron concentrations in the channel, increasing Isat. That 
is, large increases in Isat are simulated with surface charge polarities that drive the space 
charge region toward inversion, and smaller decreases in samples driven toward 
accumulation. This behavior can be understood qualitatively by the fact that the samples 
with near surface regions driven toward inversion create a path of smaller built-in potential 
which dominates current flow. In the low charge density region of Ns=1010 cm-2, decreases 
in Isat are observed for samples driven toward accumulation, as observed in during ALD. 
This result can be explained by a local increase in barrier height in the near surface region.  
 
6.11 Post-deposition Annealing 
Post-ALD annealing of samples with p+ contacts on n- Si was conducted to connect 
our in-situ results to the previous measurements of fixed charge at Si-SiO2-Al2O3 
interfaces.118,122,141 After post-deposition annealing in forming gas, large changes in 
channel conductance are observed indicative of the development of an inversion layer 
(Figure 6.11). Control experiments with identical samples lacking the ALD alumina layer 
did not exhibit large increases in saturation current indicating that the alumina is 
responsible for the inversion layer formation.  
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Figure 6.11 I-V behavior measured ex-situ at room temperature for p+ contacts to n-Si after 
various processing steps of a typical device. Post-ALD annealing processes was conducted 
in forming gas. ALD alumina thickness was ~9 nm. 
 
6.12 Comparison with Other Studies 
These data show that the initiation of a small magnitude of fixed negative charge at 
Si-SiO2-Al2O3 interfaces occurs upon the chemisorption of TMA. We attribute the 
measured conductance changes to electrostatic changes at the surface; however, the fixed 
negative charge observed ex situ in annealed films may differ in origin from the changes 
observed here during the first chemisorption event of TMA. Previous studies have shown 
evidence that the fixed negative charge exists entirely at the SiO2-Al2O3 interface, which 
agree with our results, and may indicate a common chemical origin.120,142 While the precise 
chemical structure of this interface that generates the local net charge is still unknown, a 
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dominance of tetrahedrally coordinated Al near the SiO2 interface has been invoked.143 The 
fixed negative charge at these interfaces has also been explained by the possible presence 
of interstitial H or O, Al vacancies, or a dipole at the SiO2-Al2O3 interface.143–145  
Comparison of this work with that of Na et al.132 provides important distinctions. 
In their work, the in-situ measurement of conductance of a deposited ZnO film indicated 
that diethylzinc chemisorption induced a substantial surface charge (~6.4×1014 cm-2) 
corresponding nearly to a fundamental charge liberated for conduction for each diethylzinc 
on the surface. This charge was removed upon oxidation of the remaining ethyl groups. In 
the present work, we describe the change in conductance of the base semiconductor during 
deposition of a dielectric film. In our case, a much smaller effective fixed negative charge 
is calculated (~3×1010 cm-2), which could be attributed to changes in the surface dipole. 
While our observed changes are still due to local net charge, the origin is likely different, 
as evidenced by the small fixed charge and by the fact that, in our case, the complete 
hydrolysis of the chemisorbed metal organic precursor (H2O exposure step) causes minimal 
additional change, in contrast to the case of ZnO conductance. Therefore, although 
nucleation by TMA chemisorption affects the conductance, direct knowledge pertaining to 
film nucleation (e.g., TMA areal density) is not easily derived from our data.  
 
6.13 Conclusions 
The in situ conductance measurement allows for nondestructive measurement of 
fixed charge evolution without relying on probes such as metal films or corona-based 
charges which may permanently change the state of the surface thus disturbing the 
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measured surface charge.146 The ability to modulate this interfacial charge utilizing the 
wide variety of atomic- and molecular-layer deposition chemistries now available115 may 
allow for the enhancement of figures of merit of existing devices where surface charge can 
play a large role, such as photovoltaics, photoelectrochemical systems, and field effect 
devices.  
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7. Conclusions 
Cyclic azasilanes (AZ) have been shown to be versatile precursors for ALD and 
MLD growth. Combustion with O3 in ALD lead to reproduction of -OH surfaces and 
growth of SiO2 films, and secondary functionalities was taken advantage to produce hybrid 
organic-inorganic MLD films. This study reveals the close relationship between precursor 
structures, growth behavior and the film properties.  
For the ALD SiO2 growth, chemisorption of different AZs resulted in similar 
surface coverage, however, the differences in growth rates between precursors showed that 
silanes with –OMe substituents possess higher reaction rate with O3 than those with –Me 
groups. The O3 oxidation step is time- and temperature-dependent, leading to well-defined 
SiO2 under 190–300 °C, MLD-like films with organic residuals at lower deposition 
temperatures.  
The A(AZ)-B(MA)-C(TMA)-D(H2O) film growth rate is constantly 3.5 Å/cycle. 
While ABC film growth does not initially follow a steady-state rate, but increase rapidly 
during the initial 20 cycles, and reaches approximately 90 Å/cycle after 50 cycles, 
suggesting diffusion behavior of precursors and subsurface species transport and reaction 
during MLD procedure. This diffusion was not observed with the ABCD growth due to the 
cross-linked structure produced by TMA to block the diffusion path of precursors. The 
diffusion theory was confirmed by in-situ QCM study during the ABC film growth at 
100 °C. Longer purge and higher temperature restricted the subsurface reactions by 
desorption and diffusion out of the precursors. The growth is also precursor sequence 
independent, suggesting dominating subsurface reactions. 
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Thermal treatments in air decrease the thickness of both films. The density and κ 
of ABCD films increased during annealing. In contrast, the ABC film exhibits a low 
density <1 g/cm3, and likely a high porosity after thermal treatment at 400 °C. The κ also 
remains below 3 for as-deposited and annealed ABC films. 
The class of AZs represents a promising chemical platform for ALD and MLD, in 
which the physical properties may be tunable by careful selection of precursor molecular 
structure and combination. The precursor diffusion represents a unique growth behavior in 
transition between ALD and CVD, where both relatively faster growth rates and good 
uniformity and conformality could be achieved. The degree of diffusion could be controlled 
by tuning the deposition conditions. Post-deposition annealing lead to porous materials 
potentially useful as low-κ dielectrics or etch stop layer in back end of line. 
In addition, the in-situ conductance measurement allows for nondestructive monitor 
of fixed charge evolution at the semiconductor-metal oxide interface, and the possibility to 
engineer interfaces with controlled amounts of positive or negative charge.  Such 
understanding and control of interfaces is critical for controlling the flat band voltage in 
gating applications and for field effect passivation in photovoltaics.   
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